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The vapor above the SrO-Pt system was bombarded with electrons and the ion fragments analyzed by a 
mass spectrometer. Evaporator temperatures ranged from 1600°K to 1800°K. Log Sr* vs 1/T plots were 
found to be time dependent initially. Eventually the plots became stable, and could be represented by two 
straight lines having a slope of 60 kcal/mole at the higher temperatures and of 138 kcal/mole at the lower 
temperatures. The appearance potential for Sr* was approximately 5 volts. The ratio of Sr* to SrO* was 
between 10 and 100. These results indicate that thermal dissociation of SrO took place. An explanation 
based on a diffusion-limited mechanism is offered for the smaller slope of the upper part of the log Sr* vs 1/T 
plot. The behavior of the SrO-Pt system is compared with that of the BaO-Pt system. The latter system 


does not appear to exhibit thermal dissociation. 





INTRODUCTION 


HE commercial value of the oxide-coated cathode 
has led to many investigations of the behavior of 
the cathode system with regard to such phenomena as 
diffusion, conductivity, or electron emission.' There 
has been less work on the physical properties of the 
constituents of the cathode—BaO, SrO, and CaO. Mass 
spectrometer studies of the evaporation products from 
BaO and SrO systems have been carried out by Plumlee 
and Smith*®, and by Aldrich.‘ The latter made an ex- 
tensive investigation of such systems as BaO-Ta, 
BaO-Mo, BaO-Pt, and also made some preliminary 
Measurements on SrO-Pt. His results indicated that 
there was a considerable difference in the behavior of the 
two systems BaO-Pt and SrO-Pt. The SrO appeared to 
dissociate upon evaporation while the BaO did not. A 
more thorough study of SrO-Pt was undertaken to re- 
solve this question. The results are presented below. 


EXPERIMENTAL METHODS 


The experimental arrangement was essentially the 
Same as that previously described in reference 4, and 


* Supported in part by the U. S. Office of Naval Research. 

"I. G. Hermann and P. S. Wagener, The Oxide Coated Cathode 
(Chapman and Hall, London, 1951), Vols. I and II. 

*A. S. Eisenstein, Advances in Electronics (Academic Press Inc., 
New York, 1948), Vol. I. Part 1. 

*R. H. Plumlee and L. P. Smith, J. Appl. Phys. 21, 811 (1950). 

‘L. T. Aldrich, J. Appl. Phys. 21, 1168 (1951). 


as shown in Fig. 1. A modified Nier type 60° spectrom- 
eter was employed with an evaporator mounted at the 
base of its ion gun assembly. Since the temperatures 
involved in the case of BaO were moderate (1000°C), 
a platinum-faced cathode could be used. This type of 
cathode is similar in construction to that used in 
cathode-ray guns. The temperature of the platinum 
button was determined by means of a Pt-PtRh thermo- 
couple. In case of SrO, the conventional button cathode 
proved unusable since the temperature was relatively 
high (1500°C). The metallic vapors from the incan- 
descent structure of the cathode diffused throughout 
the ion gun, and for this and other reasons it was 
found necessary to revert to the less satisfactory but 
simpler platinum ribbon heater. This platinum ribbon 
was heated by ac, and its temperature recorded by a 
Pt-PtRh thermocouple on the back of the strip. When 
checked with an optical pyrometer, the temperature 
was found to be uniform in the central part of the strip 
for a length of approximately 3 mm. Only this central 
region of the strip was coated with SrCQ3. 

The BaCO; and SrCO; were sprayed onto the 
evaporators which had previously been fired at 1500°C 
for several hours, or until no evaporation products 
other than platinum were observed. The sprayed 
cathode was mounted in the ion gun assembly, the 
apparatus pumped out and baked for four hours, and 
the carbonate was then converted. With all filaments 
and cathodes at the highest operating temperatures the 
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pressure in the spectrometer was no greater than 
3X 10-7 mm Hg. 


EXPERIMENTAL RESULTS 
Barium Oxide 


Both Ba*+ and BaO* as well as other complexes of 
Ba and O were observed when the vapor above the 
BaO was bombarded by 70-ev electrons. Nothing of 
interest beyond what was previously reported‘ was 
observed. The following data are presented so as to 
allow a comparison with SrO-Pt. The Bat and BaOt 
ion currents were equal in magnitude and plots of recip- 
rocal of absolute temperature vs log Ba* and log BaOt 
yielded straight lines of slope corresponding to a latent 
heat of 87 kcal/mole. No high mass combinations of 
Ba, O, and Pt were observed and there was no ob- 
servable ion emission from the sample surface. 


Strontium Oxide 


The system SrO-Pt proved much more difficult to 
study than BaO-Pt. The temperature dependence of the 
Sr* ion current (derived from electron bombardment of 
the vapor) was at first seemingly irreproducible. Sys- 
tematic study showed, however, that the sample 
actually passed through a series of changes as the 
temperature was cycled, and eventually equilibrium 
conditions were reached where reproducible data could 
be obtained. The results are shown in Fig. 2 which 
represents the data obtained on one of the three samples. 
The data on the different samples were essentially 
identical. Curve A in Fig. 2 represents the initial run 
on the sample. The slope of this plot is 164 kcal/mole, 
but other and less steep slopes could be obtained de- 
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1ON SOURCE 


Fic. 1. Ion source for evaporation studies. Spacing between 
J, and Jz is 1 mm. Slit in J; is 3 mmX14 mm. Slits in G; and G2 
= 0.25X14 mm. Base metal ribbons are 1.0X0.01 mm 25 mm 
ong. 
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pending on how long the sample was outgassed at 
1500°C. When the sample was left at 1500°C for 
approximately an hour the ion current gradually de- 
creased. Cycling the temperature led to curves inter- 
mediate between A and B. Further cycling or main- 
taining the temperature at 1500°C eventually led to 
curve B. All subsequent cycles yield plots parallel to 
B, but displaced downward to lower currents as time 
increases. Over an average cycle the displacement would 
amount to a few percent. The sample of SrO was ob- 
served to have been reduced to about 75 percent of the 
original by the time curves of type B were being ob- 
tained. The sample was initially of a flocculent nature, 
but became a compact cluster of smooth particles after 
the high temperature treatment. Curve B can be fairly 
well represented by two straight lines, the upper part 
having a slope corresponding to 60 kcal/mole and the 
lower part having a slope corresponding to 138 kcal/ 
mole. 

Points could be obtained on the lower part of curve 
B as rapidly as the temperature could be raised or 
lowered. The upper part of curve B was characterized 
by a tendency to overshoot or undershoot the curve 
from one point to the next, depending on whether the 
temperature was being raised or lowered. The ion 
current would then decrease or increase in a few 
minutes to a stationary value given by curve B. At 
the start of the run the SrO* current was an order of 
magnitude less than that for Srt, and as time progressed 
became relatively still smaller. In the absence of an 
electron current there was an appreciable Sr* ion 
emission from the sample at first, but this emission 
disappeared as cycling progressed. No definite tem- 
perature dependence could be determined for this 
initial Sr*+ emission. 

An appearance potential type of measurement was 
attempted on the Sr* ion current. Sr+ appeared at 
about 5 volts of accelerating potential on the ionizing 
electrons. This voltage has been corrected for contact 
potential differences. The appearance potential curve 
exhibited nothing that could be interpreted as an onset 
of Sr*+ from SrO. Finally, no high mass compounds of 
Sr, O and Pt were observed, although some Pt ions 
were observed (not as emission) at the highest 
temperatures. 


DISCUSSION 


The results on BaO are interesting, for this study 
at least, in the manner in which they differ from those 
obtained for SrO. The Bat to BaOt ratio of unity, the 
general stability of the BaO-Pt system, and the appear- 
ance potential of the order of 10 volts‘ for Bat indicate 
that little dissociation occurs in the case of BaO. This 
is in contrast with the Sr+ to SrO+ ratio of between 10 
and 100, the initial instability of the SrO-Pt system, 
and the appearance potential for Srt+ of the order of 5 
volts. The high Sr* to SrO* ratio, and the low appear- 
ance potential for Srt (first ionization potential of Sr 
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is 5.67 volts) indicate the presence of uncombined Sr 
in the atmosphere above the sample. Dissociation is 
further made plausible by the results of White.’ His 
calculations show that the dissociation pressure of Sr 
above SrO should be relatively large in this temperature 


range. 

The initial high temperature treatment probably 
serves to remove adsorbed contaminants which might 
cause the large slope of curve A. However, since the 
points on curve A actually correspond to a series of 
transient states of the sample, it is perhaps not proper 
to attach much significance to its slope. The curve B, 
which is obtained after lengthy treatment, has a slope 
at the lower part of the curve of 138 kcal/mole which 
can be compared with that found by Moore é/ al.° using 
tracer techniques of 116 kcal/mole, and that found by 
Claassen and Veenemans’ using gravimetric techniques 
of 141 kcal/mole. The upper part of curve B has a 
smaller slope which could be due to a diffusion limited 
mechanism. For example, the rate of evaporation of 
free strontium from the surface could be limited by the 
diffusion of strontium through a strontium-depleted 
surface layer. This surface layer would be enriched in 
oxygen from the oxygen atmosphere surrounding the 
sample. Such a mechanism would also explain the 
observed time dependent behavior of the Sr* ion 
current as one proceeds from point to point on the 
upper part of curve B. The subsequent curves which 
are parallel to B, but displaced downward, result from 
the depletion of the sample material. 

There is also the possibility that the platinum takes 
an active part in this phenomenon. The reaction of Pt 
with SrO has been studied by Moore et al.* Their results 
indicate that Pt and SrO do not react in such a manner 
as to form free Sr and at the same time retain the 


5A. H. White, J. Appl. Phys. 20, 856 (1949). 
as oO" Allison, and Struthers, J. Chem. Phys. 18, 1572 
950). 
7A. Claassen and G. F. Veenemans, Z. Physik 80, 342 (1933). 
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oxygen in the Pt-SrO system. The platinum could still 
act as a dissociating agent, in which case either surface 
or volume diffusion in or on the platinum would be the 
limiting mechanism. In this event one might expect 
that considerable amounts of strontium would be stored 
either in or on the platinum. On several occasions 
when the sample had fallen off the ribbon, it was found 
that the Sr* disappeared in a time less than the re- 
sponse time of the detector. Further, no Sr* could be 
found even if the then bare ribbon was quickly raised 
to the highest possible temperature. 
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The absorption spectra of solid CH;COONa and CD;COONa have been observed from 350-5000 cm™. 
All of the fundamental frequencies of the acetate ion have been observed and assigned with the exception 
of that of the torsional oscillation. The assignments for CH;NO2 and CD;NO, 2 were used as an aid in 
assigning the CH;CO.- and CD;CO2- frequencies. An approximate force constant, 9.310° dynes/cm, 
is given for the C—O bond of CH;CO:" in solid sodium acetate. The spectra of the partially deuterated 
species were observed and assignments were made with the aid of the Decius-Wilson sum rule and the 


Teller-Redlich product rule. 


_ INTRODUCTION 


R the study of the infrared spectra and structure 
of certain acetate complexes, it was desired to 
know the fundamental frequencies of the normal modes 
of vibration of the acetate ion in solid sodium acetate. 
The Raman and infrared spectra of sodium acetate 
have been studied in the past, particularly by Duval, 
Lecomte, and Douville.'! No conclusive assignments 
have been made for the frequencies of the various 
fundamental vibrations of the acetate ion. Duval ef al.! 
noted the similarity of the acetate ion to the nitro- 
methane molecule. The infrared and Raman spectra of 
nitromethane and deuteronitromethane have been 
studied by Wells and Wilson? and T. P. Wilson.* The 
latter author gave fairly conclusive assignments 
and calculated force constants for the nitromethane 
molecule. 

We have observed the infrared spectra of solid 
sodium acetate and of the partially and completely 
deuterated species. By a comparison of their spectra 
with those of nitromethane and deuteronitromethane, 
assignments of the fundamental vibrational frequencies 
have been made. 


EXPERIMENTAL 


Deuterated sodium acetate was prepared by two 
methods. In the first method D was exchanged for H 
in a solution of malonic acid in D.O followed by 
decarboxylation of the deuterated malonic acid‘ and 
neutralization with NaOH to the calculated pH of 
neutral sodium acetate. In the second method D was 
exchanged for H by heating a solution of sodium acetate 
in D.O at 150°C in a sealed tube.* This method was also 
used to prepare the partially deuterated species. 


*This work was sponsored by the U. S. Atomic Energy 
Commission. 

1 Duval, Lecomte, and Douville, Ann. phys. 17, 5-71 (1942). 

2 A. J. Wells and E. B. Wilson, J. Chem. Phys. 9, 314 (1941). 

3T. P. Wilson, J. Chem. Phys. 11, 361 (1943). 

4J. O. Halford and Leigh C. Anderson, J. Am. Chem. Soc. 58, 
736 (1936). 

5L. D. C. Bok and K.‘H. Geib, Z. physik. Chem. A183, 353 
(1939). 
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Samples of deuterated sodium acetate prepared by 
each method gave identical infrared spectra. 

Mass analysis of an early sample prepared by the 
first method indicated the presence of 94+2 percent 
of the CD; species. The sample used for the infrared 
spectrum, shown in Fig. 1, was further deuterated and 
believed to be >99 percent CD;COONa. 

The infrared spectra were taken of the solid residue 
left from evaporation of an aqueous solution of 
CD;COONa on silver chloride, sodium chloride, 
potassium bromide, and KRS-5 windows. Evaporation 
was performed in a desiccator over magnesium per- 
chlorate to favor anhydrous salt formation. The window 
material had no specific effect on the observed spectra. 

A Perkin-Elmer Model 12-C spectrometer, converted 
to double-pass operation, was. used to record the 
spectra. Interchangeable cesium bromide, sodium 
chloride, and lithium fluoride prisms were used to cover 
the range 270-5000 cm~". For calibration the absorption 
bands of H.O, NH;, CO», HCl, HBr, CHu, and CO 
vapors were used. 


Results and Discussion 


In Fig. 1 are shown the absorption spectra of solid 
anhydrous CH;COONa and CD;COONa in the region 
290 cm to 3200 cm™, at room temperature and at 
80°K. No absorption band other than that due to 
atmospheric water vapor appeared in the O—H stretch- 
ing region, 3100-3800 cm™, thus showing that the salts 
were indeed anhydrous. 

As discussed by Crawford and Wilson,* the nitrometh- 
ane molecule (and thus the acetate ion) in a rigid con- 
figuration can at most have a plane of symmetry. How- 
ever, they have shown that if the force constants for 
cross terms such as those involving N—C—H and 
C—N-—O angles are treated as constants independent 
of the angle of twist about the C—N bond, or restricted 
to certain functions of this angle, the secular equation 
can be factored as if the molecule possessed the sym- 
metry Coy. This factoring simplifies the normal coordi- 


6B. L. Crawford and E. B. Wilson, J. Chem. Phys. 9, 323 
(1941). 
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nate treatment, and Wells and Wilson? and T. P. 
Wilson* have made their frequency assignments for 
nitromethane on the basis of a Coy model. To be con- 
sistent, we have assigned the vibrations in CH;CO.- 
similarly, even though we have not made a complete 
normal coordinate treatment. 

In Table I, all the fundamental frequencies are given, 
except the torsional vibration, for CH;CO:;- and 
CD;COs. The CH;NO, and CD;NO, frequency 
assignments of Wilson’ are given also to illustrate the 
great similarity of the acetate ion to the nitromethane 
molecule. 


Assignments of Fundamentals 


All of the fundamentals can be assigned by com- 
parison with nitromethane. In the case of nitromethane, 
both Raman and infrared data were available. Further- 
more, polarization of the Raman bands and envelopes 
of the infrared bands gave valuable information on the 
symmetry type of the vibrations. Therefore, the fre- 
quencies reported by Wilson’ for nitromethane are 
certainly reliable. 

The C—H stretching frequencies are obvious, and 
as with nitromethane, the lower and less intense fre- 
quency must belong to representation A;. As with 
nitromethane, the 6; and B, C—H stretching vibra- 
tions have the same frequency; apparently, the de- 
generacy remains even at low temperature as no 
splitting was observed at 80°K. 

The unsymmetrical C—O stretching frequency is 
obviously the very strong band at 1578 cm™ shifted to 
1563 in CD;COz-. The symmetrical C—O stretching 
frequency of CD;COz2- is at 1406 cm~. Some confusion 
arises in trying to assign the symmetrical C—O stretch- 
ing of CH;CO.-, as there are three CH; deformation 
frequencies in the same region. It was necessary to 
use a thin path and cool to 80°K in order to resolve 
these frequencies. The B; and B, CH; deformation fre- 
quencies are assigned as 1440 and 1488 cm“, shifting 
to 1045 and 1030 cm~, resepectively, by analogy with 
nitromethane and in order to satisfy the Teller-Redlich 
product rule.’ The other two frequencies in this region, 
1408 and 1425 cm~, then arise from the symmetrical 
CO stretching and the symmetrical CH; deformation. 
Probably they interact, and it is arbitrary to make a 
choice. However, in nitromethane the symmetrical 
N—O stretching frequency is unshifted in CD;NOz; 
thus, it seems probable that the band at 1408 cm~ is the 
C—O symmetrical stretching frequency of CH;CO.-. 

The C—C stretching frequencies of CH;CO.- and 
CD;CO.- are remarkably similar to the C—N stretch- 
ing frequencies of CH3NO» and CD;NOz respectively, 
thus aiding in the frequency assignments. Furthermore, 
the C—C frequency of CH;CO--, at 924 cm“, is split 
at low temperatures, perhaps due to coupling with a 





"G. Herzberg, Infrared and Raman Spectra (D. Van Nostrand 
Company, Inc., New York, 1947), p. 232. 
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Fic. 1. Absorption spectra of CH;COONa and 
CD;COONa from 350 cm™ to 3100 cm™. 


Solid lines represent absorption spectra at room temperature. 
For each compound the same sample was used throughout. 

Broken lines represent absorption spectra at 80° Kelvin. In the 
region 1200-1800 cm™ a thinner sample was used at this low 
temperature in order to gain resolution. 
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TABLE I. Fundamental frequencies of CH;CO.-~, CD;CO2-, CH;NO:2, and CD;NO2 
in solid sodium acetate and gaseous nitromethane. 








Analogous Nitromethane> 





Representation Assigned frequency, cm=! Product ratio* frequencies cm~! 
(Cov) Type of vibration CH;:COO- CD;:COO- Theor. Obs. CH;:NO:z CD;sNO:z 
A v1 C—H stretching 2933 2230 2965 2160 
ve CH; deformation 1425 1081 1413 1090 
V3 C—O stretching 1408 1406 1.95 1.92 1384 1384 
M4 C—C stretching 924 880 921 879 
YS CO, deformation 645 609 647 632 
Ag V6 Torsion about oo ao ee ee 
C—C bond 
B, v7 C—H stretching 2999 2254 3048 2290 
v8 C—O stretching 1578 1563 1582 1571 
V9 CH; deformation 1440 1045 2.58 2.56 1449 1051 
v10 CH; rocking 1012 828 1097 ca. 879 
Vil CO, rocking 465 411 476 424 
Bz Vi2 C—H stretching 2999 2254 3048 2290 
V13 CH; deformation 1488 1030 2.53 2.535 1488 1051 
Vi4 CH; rocking 1045 928 1153 944 
V15 CO: rocking 615 525 599 560 








® See reference 7. 
b See reference 3. 


lattice frequency. A similar splitting occurs for the 
peak at 880 cm™ in CD;CO;-, thus further substan- 
tiating the assignments. 

The CO: deformation and CH; rocking frequencies 
are assigned by analogy with nitromethane. There 
might be a question as to the choice between 615 
and 645 cm™ for the CO: deformation frequency. How- 
ever, the regular decrease of this frequency in pro- 
gressing through the partially deuterated species in- 
dicates that 645 cm~ is the correct choice (see Table IT). 

The B, and By CO» rocking motions are assigned as 
465 and 615 cm™’, respectively, under the same argu- 
ment used in assigning the two NO: rocking frequencies 
of nitromethane. That is, the moment of inertia of the 
CO: group about an axis perpendicular to its plane is 


TABLE IT. Fundamental frequencies of CH;CO2-, 
CH:DCO.--, CHD,CO,-, and CD;CO--. 








Frequency, cm7! 





Type of motion CH3:CO2- CH2DCO:- CHD2CO2- CD;:CO2~ 

C—H stretching 2933 2218 2228 2230 
2999 2942 2254 2254 

2999 [3000 ]* [3000 ]* 2254 

CH; deformation 1425 1440 1256 1081 
1440 [1420]* 1246 1045 

1488 1236 1067 1030 

CO; stretching 1408 bees [1407 ]* 1406 
1578 [1572 ]* 1566 1563 

C—C stretching 924 (894)? (892)? 880 
CH; rocking 1012 938 860 828 
1045 957 936 928 

CO, deformation 645 638 628 609 
CO, rocking 465 442 426 411 
615 576 550 525 








* Values in brackets were not resolved as distinct absorption bands. 
They were chosen for compatibility of spectra and to satisfy the Decius- 
Wilson sum rule and the Teller-Redlich product rule. 


very much larger than that about an axis lying in its 
plane and perpendicular to the symmetry axis, both 
axes passing through the center of gravity of the CO, 
group. This implies that the CO, rocking motion in the 
CCOz plane should have a considerably lower frequency 
than the CO, rocking motion perpendicular to this 
plane (Class Be). 

In order to check the validity of these assignments, 
the Teller-Redlich product rule’ was applied. The struc- 
ture of the acetate ion has not been given, so the dimen- 
sions used in calculating moments of inertia are subject 
to correction, but also these dimensions are not very 
critical. They are listed below: 


C—H 1.08A 
C—C 1.50A 
C—O 1.27A 
O—C—O angle 125° 
HCH angle 109°28’. 


The C—H distance and tetrahedral structure of the 
CH; group cannot be far off. The C—O distance and 
O—C—O angle were assumed similar to those of 
sodium formate.* The C—C distance was chosen as 1.50, 
slightly shorter than the normal C—C distance of 
hydrocarbons (1.54A), because the C—C frequency is 
somewhat higher than usual. The general agreement of 
the experimental and theoretical product ratio lends 
confidence to the assignments. 


Partially Deuterated Species 


Some of the frequencies for the partially deuterated 
species were also observed. The assignments are givel 
in Table II along with those of CH;CO;- and CD;COr-. 

Because of the complexity of the spectra of these 
mixed species, some of. the frequencies are uncertain. 
Values were chosen for reasonable agreement with the 


8 W. H. Zachariasen, Phys. Rev. 53, 917 (1938). 
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INFRARED SPECTRA OF CH;COONa AND CD;COONa 


observed spectra, with the Decius-Wilson sum rule® 
and with the Teller-Redlich product rule.’ 

According to the Decius-Wilson sum rule, the follow- 
ing relations should be approximately satisfied by the 
fundamental frequencies: 


2 (/)H3+ (v)D3= 3 (> v’)H2D 
(© )H;+2(/)D3=3(X)HD». 


For brevity, H; is used for CH;CO:-, H2D for 
CH:DCO.--, etc. These relations should hold for all the 
fundamental frequencies, as well as for all the funda- 
mental frequencies within a given symmetry class. 
Since the torsional vibration (class As) was not ob- 
served, it must be factored out. Using all of the other 
fourteen frequencies of each species (from Table II), 
good agreement is obtained as shown below. 


2(*)Hs+ (2) Ds= 108.74 10, 
3(X)H.D = 108.54 10°, 
(~)H3+2(Xr*)D3=93.39X 108, 
3(*)HD2= 92.53X 10°. 


When the frequencies involving hydrogens for the 
partially deuterated species are assigned to the various 
symmetry classes of Cs, (as Ai, Bi, and Be), the sum 
tule agreement is poor, for the individual symmetry 
classes, regardless of how these frequencies are as- 
signed. However, fair agreement can be obtained by 
assigning average values of the squares of the C—H 
stretching, CH; deformation, and CH; rocking fre- 
quencies to the appropriate symmetry classes. When 
this is done, the Sum Rule equations are in reasonable 
agreement for the individual symmetry classes (Ai, Bu, 
and Bz). This averaging process appears reasonable in 
that the symmetry of the methy] group is destroyed. 

In applying the Teller-Redlich product rule’ to the 
partially deuterated species, it is again necessary to 
factor out the torsional vibration. Now we wish to 
compare the observed and calculated product ratios, 
using all frequencies except those of the torsional 
vibration, for two cases: CH;CO.-/CHDsCO; and 
CH:DCO2-/CD;CO--. In each case, two hydrogens are 
being replaced with deuteriums. These two hydrogens 
contribute to six vibrations of all symmetry types. 
There is only one vibration of class Ay to which three 
hydrogens contribute. Therefore, two hydrogens con- 
tribute 2/3 of a vibration to this symmetry class. Thus 


TaBLe III. Product ratios* for CH;CO.- and deuterated species. 











Observed Calculated 
PH; /AD2 5.510 5.449 
PHD [D3 5.559 5.498 








* See reference 7. 





shin Decius and E. B. Wilson, J. Chem. Phys. 19, 1409-1412 
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TABLE IV. Combination frequencies for CH; COO~ and CD;COO-. 











CH;COO~, cm CD;COO- 
Observed Calculated Assignment Observed Calculated 
1082 1110 vstru 1020 
1258 1260 vetris 1134 
1292 1290 2v5 tee 1218 
1332 1389 vatri 1288 1291 
2332 2332 vatr4 cee 2286 
2367 2364 vatyo oo 1925 
2420 2412 vari; 1903 1910 
2490 2500 viotv13 tee 1858 
2530 2533 vistvis 1958 
2560 2590 vstvio te 2391 
2738 2816 2v3 2800 2812 
2830 2833 vats 2479 2487 
2854 2850 2v2 2167 2162 
2976 2986 v3tvs 2961 2969 
4295 4341 vitvs tee 3636 
4382 4407 v3tr7 lth 3660 
cee 1936 vatvio 1695 1708 
2223 Vetvs 2183 2172 
2896 v3tvi3 2431 2436 
3018 vgtvg 2615 2608 
3003 votys 2650 2644 
3644 vstvi2 2852 2863 








the six vibrations from these two hydrogens are dis- 
tributed as 


Class Ay 4/3 vibrations 
Ao 2/3 vibrations 
B, 2 vibrations 
Be 2 vibrations. 


Using these numbers for the number of vibrations in- 
volving the two replaced hydrogen atoms, and the 
structure listed earlier in this paper, we arrive at satis- 
factory agreement with the Teller-Redlich product 
rule, as seen in Table III. As with the sum rule, assign- 
ments among the individual symmetry classes for the 
partially deuterated species do not give satisfactory 
agreement with the product rule. However, if appro- 
priate averages are taken of the hydrogen frequencies, 
and these averages are used in the appropriate sym- 
metry classes, reasonable agreement with the product 
rule is obtained for the individual symmetry classes. 


Combination Frequencies 


One strong combination band was observed for each 
of CH;CO;- and CD;CO: at 2976 and 2961 cm™, 
respectively. These must be combinations of the sym- 
metric and asymmetric C—O stretching frequencies, 
calculated as 2986 and 2969 cm~. Several other weaker 
combination bands have been observed and are listed 
in Table IV with probable assignments. 


Force Constants 


The similarity in their spectra indicates that CH;CO.- 
and CH;NO, have similar force constants. It was not 
deemed worthwhile to carry out a normal coordinate 
treatment of the complete acetate ion. However, it 
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TABLE V. Values of &; and ky. for NOs group of nitro- 
methane and CO: group of the acetate ion. 











ki X1075 ki2 X1075 

dynes/cm dynes/cm 
CH;NOz, accurate value of Wilson* 9.72 2.54 
CH;NOsz, by simplified treatment 9.87 1.54 
9.27 1.70 


CH;CO,-, by simplified treatment 








® See reference 3. 


would be useful to be able to determine the effect of 
complexing on the C—O force constant. 

For this purpose, the NO» group of nitromethane was 
treated as a separate triatomic molecule using the two 
N—O stretching frequencies, and the NO» bending 
frequency assigned by Wilson* (see Table I). The 


JONES AND E. McLAREN 


potential function used was: 
2V= Ral (AR,)?+ (AR2)? ]+ Rie (AR;) (AR») +ka (Aq)? 


Values of k; and ky. were calculated to compare with 
the accurate values calculated by T. P. Wilson.* The 
agreement is good, and such a simplified treatment 
should be satisfactory to determine approximately the 
relative change of C—O force constant in CH;CO,- 
when the group complexes with other ions. 

In Table V are given the values of &; and ky2 calcu- 
lated by this simplified method, along with those of 
T. P. Wilson. Also given are values of k; and ky calcu- 
lated by this simplified method for the CO» group of 
sodium acetate using Rc_o=1.27A and O—C-0 
angle= 125°, as above. 
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The theory of charge-transfer complex is applied to adsorption on metals and semiconductors. The heat of 
adsorption at zero coverage is given in terms of the ionization energy of the adsorbate, the electronic work 
function of the adsorbent, an image energy, and an interaction energy. For metals a linear relationship 
between heat (at zero coverage) and extent of adsorption is deduced from two of the simpler forms of 
theoretical isotherms. The functional dependence of the extent of adsorption on the ionization energy of the 


adsorbate is thus obtained. 


The treatment for semiconductors is modified to take into account the space charge generated in the 


semiconductor on adsorption. 


This treatment is shown to be consistent with reported experimental data for adsorption on iron powder 
of long chain nitriles, esters, alcohols, amines, and thiols. 


INTRODUCTION 


DESCRIPTION of the adsorption of certain 

molecules on metals by the charge-transfer com- 
plex has been suggested by Mulliken.! The concept has 
been further developed by Mignolet? who cited as 
support the positive surface potentials obtained from 
noble gases and simple hydrocarbons adsorbed on 
various metals. Recently charge-transfer adsorption on 
semiconductors has been treated by Boudart* and by 
Weisz.‘ In this paper, the theory of the charge-transfer 
complex has been applied to adsorption on both metals 
and semiconductors. 


METALS 


Ionization energies of common adsorbates are from 
9 to 12 ev, while work functions are from 2 to 5 ev. 
Therefore, transfer of an electron from the adsorbed 


1R. S. Mulliken, J. Am. Chem. Soc. 74, 811 (1952). 
2J. C. P. Mignolet, J. Chem. Phys. 21, 1298 (1953). 
8M. Boudart, J. Am. Chem. Soc. 74, 1531 (1952). 

‘P. B. Weisz, J. Chem. Phys. 21, 1531 (1953). 





molecule to the metal will be an endothermic process. 
Complex theory provides surface acceptor levels which 
lie far enough below the Fermi level of the metal to 
make the process exothermic. 

In charge-transfer complex theory, the ground state 
of the complex is described by a linear combination of 
the wave function for a no-bond state and that for a 
dative state in which an electron has been transferred 
from a Lewis base to a Lewis acid. For adsorption on 4 
metal, the metal is the acid, the electron affinity of the 
acid is set equal to the work function, and the coulomb 
energy to the image energy. The heat of adsorption at 
zero coverage is then given by 


Xo={—(Wo—Wwa)+L(Wo—Wwa)?+46"}}}/2. (1) 


Here Wyz and Wp are the energies of the zero order 
no-bond, and dative states, respectively, and £6 the 
interaction integral. The difference in energy between 
the dative and no-bond form'® is given approxi- 


5 Hastings, Franklin, Schiller, and Matsen, J. Am. Chem. Soc. 
75, 2900 (1953). 
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mately by 
Wp—Wys=1p—8—e*/4R, (2) 


where Jz is the ionization energy of the base, ® the work 
function of the metal, and e”/4R the image energy. In 
the last term, R is the separation of the charge on the 
base from the surface of the metal.® 

The interaction integral 8 almost certainly varies 
with the base, but it is believed that the effect of its 
variation is small compared to the variation in J/g.’ It is 
expected that its value is less than the 2.5-3 ev usually 
given for the 6 of neighboring z orbitals.* A spectro- 
scopic value of 1.3 ev was obtained for iodine complexes 
and is used here. In Fig. 1, Xo is plotted against Jz 
with 6=4.7 ev and R=1 A. 

It is to be expected that the quasi ions generated in 
the adsorbed molecules will repel each other. This 
repulsion can account for the decrease in heat of 
adsorption with coverage which has been frequently 
observed.° 


SEMICONDUCTORS 


Semiconductors of the p type may also be regarded 
as Lewis acids and one may again associate the electron 
affinity with the work function. Experimental values” 
of the latter fall in the same range as for metals so that 
electron transfer from adsorbate to semiconductor 
without complex formation would again be an endo- 
thermic process. The formation of a charge-complex 
will generate new acceptor levels localized near the 
surface of the solid and lying below the Fermi level. 
At zero coverage the treatment resembles formally 
that given for metals except that the image force 
e/4R is replaced by e?/KR. The dielectric constant of 
many semiconductors is about five ;! consequently, this 
term is numerically not much different from that for 
metals. Therefore, the heat of adsorption at zero cover- 
age should show the same dependence on the ionization 
energy of the base as exhibited by metals and may be 
of about the same order of magnitude. However, since 
the Fermi level of the semiconductor is raised on ad- 
sorption, one might expect a more rapid drop in the 
heat of adsorption with coverage than one obtains from 


_ °A rough estimate of R is 1 A. The effective radius of the atom 
is given by (¢/2)—Feovalent- For Nz and O, the kinetic diameter, ¢, 
is 3.7 A, while the triple-bond covalent radius of N, and the 
double-bond covalent radius of O is 0.55 A yielding 1.30 A for 
the radius of the atom. Ionization decreases this somewhat. 
’Treatments based on this type of assumption have been 
moderately successful. See for example G. W. Wheland, J. Am. 
Chem. Soc. 64, 900 (1942); F. A. Matsen, J. Am. Chem. Soc. 72, 
5243 (1950), and reference 5 above. See, however, C. A. Coulson 
and J. de Heer, J. Chem. Soc. 1952, 483. 
*Since transition metals in general adsorb most strongly, it 
appears that 8 is large only for metals with vacant d orbitals. 
*See for example O. Beeck, Advances in Catalysis (Academic 
Press, Inc., New York, 1950), Vol. II, p. 151; E. K. Rideal and 
B. M. W. Trapnell, Proc. Roy. Soc. (London) A205, 409 (1951). 
Few experimental values of for semiconductors are avail- 
able. For NiO a value of 4.5 ev is reported [H. B. Michaelson, 
J. Franklin Inst. 249, 455 (1950)]. Reported values for other 
semiconductors range from 1 to 7 ev. Values of &~10 ev, required 
to make —/ a positive quantity, are not common. 
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Fic. 1. The heat of adsorption at zero coverage as a function of 
ionization energy according to 


Xo= {— (Wp—Wwa)+l(Wo— Wwe? t+4e}}}/2 
with 6=4.7 ev, R=1.0 A, B=1.3 ev. 


the quasi-ion repulsion alone for adsorption on metals. 
In fact, the increase in the Fermi level may be rapid 
enough to limit the coverage as suggested by both 
Boudart and Weisz (see below). 


RELATIONSHIP BETWEEN HEAT AND EXTENT 
OF ADSORPTION 


The relationship between heat and extent of adsorp- 
tion can be obtained from a theoretical isotherm. There 
are a wide variety of such isotherms in the literature 
differing in basic assumptions and approximations 
made. Only two of the simpler forms are considered 
here. The first is that obtained by Fowler" who, to the 
Bragg-Williams approximation, allowed for the inter- 
action between adsorbed molecules. For charge-trans- 
fer adsorption on metals the interaction would mainly 
be electrostatic repulsion between quasi ions of the 
base. The Fowler expression may be written in the 
form 


~X0/kT+1n(@/1—0)=Xo/kT+InPQ,/O,. (3) 


Here Q./(Q, is the ratio of the partition functions for the 
adsorbed and gaseous molecules and is assumed con- 
stant ;” @ is the fraction of the surface covered ; Xo is the 
heat of adsorption at zero coverage, and X, is the 
molecular interaction constant. For repulsive inter- 
action X, is negative. 

The second isotherm is that due to Halsey and 
Taylor® who assume a heterogeneous surface. The 
following is their isotherm if the distribution function 
N(E) is constant over the range Xo to Xo+AX. The 
quantity AX is taken as negative so Xo is again the 
heat of adsorption at zero coverage 


Infexp(—AX/kT)—exp(AX[0—1 ]/kT) ]/ 
[exp(AX[@—1]/kT)—1]=X0/kT+1nPQ./Q,. (4) 


1 R. H. Fowler, Statistical Mechanics (University Press, Cam- 
bridge, England, 1936). 

2Q, contains the partition function for the vibration of the 
adsorbed molecule against the metal. The classical form may be 
taken to be proportional to »/Xo. The variation in this term is 
small compared to the variation in the exp(Xo/kT). 

18 G. Halsey and H. S. Taylor, J. Chem. Phys. 15, 624 (1947). 
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These isotherms reach saturation only for P—>« and 
6=1. For systems to which these isotherms apply, 
comparisons of adsorbability must be made at finite, 
equal pressures. Plots of @, at fixed values of PQ./Q,, 
against the left side of Eqs. (3) and (4) show that for 6 
in the range 0.1 to 0.7, for a wide range of AX (or Xj), 
and to within 300 calories at room temperature, 
6 (saturation value) is a linear function of Xo. Figure 1 
then gives the functional dependence of the saturation 
value of @ on the ionization energy of the base at 
constant pressure. It is believed that this is the situation 
which obtains in adsorption on metals although con- 
firming data are lacking. 

The dependence of @ upon the heat of adsorption, 
Xo, for semiconductors should be different from that 
found for metals. Weisz‘ has shown that adsorption by 
charge-transfer on a semiconductor can be limited by 
the space charge in the semiconductor. He derives the 
following expression for the saturation value of @ 


6,=A(KEB)}. (S) 


Here E is the potential at the surface of the semi- 
conductor, K the dielectric constant, B the relative 
concentration of acceptors, and 


1 1 ; 
ol ¥ 
2re a: 107 


where e¢ is the electronic charge and a the surface area 
per surface molecule of solid. 

In the Weisz scheme the electron is held to the solid 
by the potential Z, numerically equal to 6—J, and 
electron transfer (i.e., adsorption) continues until the 
field is reduced to zero by the space charge of the elec- 
trons. However, the quantity —J appears to be nega- 
tive in most cases of interest. If one assumes complex 
formation, the electron will be held to the surface by 
an amount of energy Xo and electron transfer will con- 
tinue until the space charge provides an electron re- 
pulsion equal to Xo. This statement implies that the 
space charge does not affect Xo in the first order. With 
this interpretation, the Weisz formula can be modified 


6,=A(KXoB)}. (6) 


For alcohols, thiols, and amines, which are discussed 
below, the cross sectional area is about 22 A’; assuming, 
with Weisz, a=4.6 A’, we have 


6,=0.75(KB)*/Xo. 





(7) 
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According to Eq. (7), the saturation value of @ for 
adsorption on semiconductors should vary as the square 
root of Xo. For a reasonable value of Xo=1 ev and with 
B=10~, 0,=0.2. The values of 0, calculated with the 
aid of (7) appear in general to be smaller than those 
found experimentally. 





EXPERIMENTAL 








In this laboratory, the adsorption from benzene solu- 
tion of a number of Lewis bases on iron powder has 
been determined." This adsorption was found to con- 
sist of two types. In the first, the material adsorbed 
was easily removed, while in the second it was removed 
with some difficulty (repeated washings with pure 
solvent at higher temperatures). The amount firmly 
adsorbed was a reproducible quantity and independent 
of concentration once a certain small concentration 
(~0.001M) was exceeded. The extent of adsorption 
was also very nearly independent of chain length (see 
Fig. 2), which suggests orientation of the adsorbed 
molecules with base end toward the metal. The total 
surface area of the adsorbent was measured by adsorp- 
tion of krypton and the BET method. Using cross 
sectional areas for adsorbate molecules obtained by 
extrapolation to zero compression with surface films on 
water of these molecules,’® the fraction of the true 
surface area covered was from 0.1 to 0.6. It is believed 
that the second type of adsorption is no-bond-charge 
transfer adsorption with binding energy considerably 
in excess of the first type which appears to be ordinary 
van der Waals adsorption. 

The iron powder was prepared in a reducing atmos- 
phere. The samples were exposed, however, to air at 
room temperature during the adsorption experiments. 
From the data available,'* it appears that such exposure 
results in a surface covered by one or more layers of 
chemisorbed oxygen and/or oxide. 

If this surface can be treated as a metal, a plot of 
determined at equal pressures (concentrations) against 
Iz should be similar to that of Fig. 1 (calculated with 
@=4.7 ev and R=14A).!" If, on the other hand, the 
surface is to be treated as a semiconductor, as seems 
more reasonable, a plot of 6, against the square root of 
Iz should now give a curve similar to that of Fig. 1. 
Such a treatment assumes that & for the surface oxide 
is not greatly different from 4.7 ev. As noted above 






























4 E. L. Cook and N. Hackerman, J. Phys. and Colloid Chem. 
55, 549 (1951); N. Hackerman and A. H. Roebuck, Ind. Eng. 
Chem. 46, 1481 (1954). 

165N. K. Adam, The Physics and Chemistry of Surfaces (Oxford 
University Press, London, 1949), p. 50. 

16 See S. Brunauer and P. H. Emmett, J. Am. Chem. Soc. &, 
1732 (1940); M. H. Armbruster and J. B. Austin, J. Am. Chem. 
Soc. 68, 1347 (1946); E. K. Rideal and B. M. W. Trapnell, Proc. 
Roy. Soc. (London) A205, 409 (1951). 

17 Values of the work function of iron range from 3.9 to 4.8 ev. 
Some values are 4.47 ev [G. Siljeholm, Ann. Physik. 10, 178 
(1931)], 4.48 ev [H. B. Wahlin, Phys. Rev. 61, 509 (1942) ], and 
4.31 ev [S. C. Jain and K. S. Krishnan, Proc. Roy. Soc. (London) 
A215, 431 (1952) ]. 
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Fic. 3. The ionization energies are for the ethyl substituted 
derivatives [see W. C. Price, Chem. Rev. 41, 257 (1947) ]. The 
ionization energy of the acid is used for the ester [see J. D. 
Morrison and A. J. C. Nicholson, J. Chem. Phys. 20, 1021 (1952)]. 
| @ Nitriles; © Alcohols; & Esters; @ Amines; O Thiols. 


values of ® for oxides are in the same range as those 
for metals. 

The resulting curves (see Figs. 3, 4) are both similar 
to the curve of Fig. 1. The data for thiols do not fall on 
the curve.'§ 

Benzene with an ionization energy of 9.24 ev is also 
a good base as is shown by the existence of a benzene- 
iodine complex, even though it lacks an unshared elec- 
tron pair. In the experiments reported here, benzene 
was not strongly adsorbed. This can be attributed to a 
larger surface-charge separation or a smaller £."° 


18 Since R for sulfur is larger than for N and O, it should not fit 
on the same curve. Furthermore, one expects variation in going 
to the next row in the periodic table. It is interesting that sulfur 
is also slightly anomalous in the position of the spectrum of its 
complex with iodine. In both the adsorption and the frequency 
versus Ip curves, a decrease of 1 volt in the ionization energy of 
sulfur would place it on the curve (see reference 5). This suggests 
that complex theory in its present crude form is not equipped to 
handle such large interactions. It is clear, however, that the 
ionization energy must be regarded as a fundamental variable. 

Mulliken (see reference 1) believes the iodine molecule to be 
at right angles to the benzene ring and directed toward and slightly 
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Fic. 4. See caption for Fig. 3 


HOMOGENEITY OF SURFACE 


The fact that @, is experimentally observed to be a 
smooth function of the ionization energy gives some 
indirect evidence on the homogeneity of the surface. 
When 9, is less than one it is usual to assume that only 
certain sites are available and/or have the binding 
energy necessary for adsorption. The slow variation dis- 
cussed above of 0, with Jz, a factor external to the 
surface, shows that the sites are gradually being brought 
into service as the ionization energy of the base is 
lowered. Thus the distribution in energy of the surface 
sites cannot be a stepped function as one might expect 
of a heterogeneous surface. The site distribution has at 
most a small smooth dependence on energy and may in 
fact be independent of energy. In the latter case, the 
surface would be regarded as homogeneous. 

This argument is independent of the theories formu- 
lated above and has a fundamental importance of its 
own. It forms, however, the’necessary basis for the 
development already given. 


penetrating its center. The metal cannot assume such a position. 
For the unshared pair bases the geometry of the iodine and of 
the metal complexes should be approximately the same. 
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by F. E. Harris and B. J. Alder 
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A correction of a formula for the static dielectric constant derived by Harris and Alder is given in this 


paper. 





HE purpose of the present paper is to correct some 
of the mistakes occurring in a recent paper by 
Harris and Alder' (quoted as H.A.) on dielectric 
polarization in polar substances. In this paper a general 
formula for the static dielectric constant ¢ was derived 
(H.A. Eqs. (13), (13 a-c)) which differs from formulas 
by Onsager,’ Kirkwood’ and myself, quoted as O., K.., 
and F. Thus from F. (8.5) 


3e 4rNo 
‘Urur 


—— 


2e+e,, 3kT 





Zet+e, 3¢€ 41No 


 Ve+1 2e+1 ZkT 





VoKUoK", (1) 


where ¢, is the high-frequency dielectric constant and 
No is the number of dipolar molecules per unit volume. 
The dipole moments ur and wox are defined by 





2e+€, Ent 2 
ur= —Yox =——uv (2) 
2e+1 3 


in terms of the vacuum moment wy of a molecule. u,* 
(or wox*) differs from ur (or ox) owing to short-range 
interaction between dipoles. In the absence of such 
interaction ur=wur*(uox=wox*). In this case Eq. (1) 
becomes identical with Onsager’s Eqs. (O. 26 and 18). 
The derivation of (1) and (2) is based on a model in 
which the high frequency contribution e€, is not derived 
from properties of the structure but is treated in a 
macroscopic way as a temperature-independent quan- 
tity. Otherwise the very general formula (F. 7.33) has to 
be used. Furthermore a free molecule is treated as a 
sphere of dielectric constant €,, containing a dipole ur at 
its center so that the total moment uy is given by Eq. 
(2). Kirkwood is interested in the case only in which 
€>>e,. and then finds approximately (K. 13 and 14) 


3 4rNo 


oe 


2 3kT 





UoKWok”™, , (3) 


where €, has been neglected against ¢. Clearly in this 
limit (3), too, becomes identical with (1). Harris and 


1 F. E. Harris and B. J. Alder, J. Chem. Phys. 21, 1031 (1953). 

2L. Onsager, J. Am. Chem. Soc. 58, 1486 (1936). 

3 J. G. Kirkwood, J. Chem. Phys. 7, 911 (1939). 

4H. Frohlich, Theory of Dielectrics (Clarendon Press, Oxford, 
1949). 
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Alder on the other hand present a formula (H.A. 13, 
13 a-c) in which expression (1) for e—, is multiplied by 
a factor f, 

f Ex t+2 2e+1 


— ——-—-, 4 
3 e+e, “) 


Since the factor f contains the macroscopic constants 
eand €, only, it would seem that one of the two formulas 
must be wrong on a simple point, independent of 
possible refinements of the model. Harris and Alder, 
however, propose reasons involving specific properties of 
the model; also they propose three different reasons in 
the three cases as they did not notice that the quantity 
denoted by yu in Onsager’s and Kirkwood’s papers (O. 19 
and K. 17a) differs from the quantity so denoted in my 
book (F. 8.1) (i.e., wox and pr respectively) so that 
Onsager’s and Kirkwood’s formulas follow from (1) in 
certain limits. 

The main error in Harris and Alder’s treatment can 
easily be traced. These authors use as model a homo- 
geneous medium in the shape of a macroscopic sphere in 
vacuum whose dipole moment for any given microscopic 
configuration is considered as composed of two contri- 
butions: (i) the displacement moment M, due to elastic 
displacement of charge under the direct influence of the 
applied field ; (ii) the orientational moment Mbp due toa 
specified dipolar configuration including the displace- 
ment moment induced thereby in the sphere. The 
contribution M, is then treated on a macroscopic basis 
in terms of €,, and in a straightforward way (see H.A. 8) 


one finds (V = total volume) 

3e dor (e+2)(€,—1) _ 
{MH @ 
2e+1 3kTV En t2 





e—1= 


where the symbol [---] denotes formation of the 
statistical average over all configurational coordinates 
(1,2,---j---) of the dipoles (j denotes the configura- 
tional coordinates of the jth dipole). Now in order to 
evaluate [M,? |, the moment Mp= Mo(1,2,---7---) ina 
specified configuration is written as a sum of contribu- 


tions of individual molecules, 
NoV 


M,(1,2,--+j---)= Xu Us i; (6) 


where u,; denotes the contribution of the jth molecule. 
This decomposition of Mo can be carried through in 
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DIELECTRIC 


several ways depending on what part of the induced 
polarization is included in y,;. Firstly, choose y.; such 
that it becomes independent of all configurational 
coordinates, except those of the jth dipole; u,; in this 
case will be denoted as w,;’(7), and hence 


Mo(1,2,---j--*)=20; wsi’(/). (7) 


This decomposition is possible only if the polarizability 
of individual molecules is a scalar (not a tensor). This 
assumption, however, is implicit in the model used here. 
The moment u,;’ is defined as the moment of the jth 
dipole, including the moment it induces (by displace- 
ment polarization) in all the molecules of the sphere, but 
excluding contributions—either direct or through induc- 
tion—-of all other dipoles. All contributions uw,,;’(7) 
superpose linearly and add up to form Mb, as required. 
The value of u.;’(7) is obtained by simple electrostatics 
if the simple molecular model mentioned above is 
employed; u,,;’ is then the moment of a large sphere of 
dielectric constant €, containing a rigid dipole ur(j) in 
its interior. This moment is independent of the size of 
the sphere and hence is equal to the vacuum moment uy. 
Thus 

us; (7)=ur(J). (8) 
Using (7), clearly 


[Mo?(1,2,- += j++ ©) J=Doy[eai’(7)Mo(1,2,--- 7-9) 


Also if [---],; denotes formation of the statistical 
average over all configurational coordinates except those 
of the jth dipole, 


Lw.j’(7)Mo(1,2,---j---) Ji 


Here [ M,(1,2,---7---) ]; depends on the jth configura- 
tional coordinate only (denoted by (uz) by Harris and 
Alder). It represents the total equilibrium moment of 
the spherical specimen when the 7th dipole has specified 
coordinates. This quantity has been calculated by 
Kirkwood; it is equal to uox(/) (see (2)) in the absence 
of short-range forces. In the presence of such forces, this 
value is modified and will be denoted by uox*(/). Thus 


[Mo(1,2,---7---) j,=wox*()). (11) 


In an isotropic substance the magnitudes pox*(j) =ox 
and p,;’ (7) =,’ and the product w,;’ (7) wox* (j) = we’ pox” 
are independent of 7. Hence Eqs. (5), (8), (9), and (11) 
yield 

3e 4aNo (e+ 2)e,—1) 


e— 1 =——— u.’wox*+ . (12) 
2e+1 3kT €,+2 








Using u,’ = wy according to (8) and (2), Eq. (12) is seen 
to be identical with (1). In the absence of short range 
forces when wox*=pox it thus reduces to Onsager’s 
formula. 

Now to demonstrate Harris and Alder’s procedure a 
second type of decomposition of Mo different from (7) 


POLARIZATION IN 
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must first be introduced. In this second case Mp is 
divided into contributions from spacially separated 
regions denoted by w,;”’. Thus let w,j’(1,2,---j---+) be 
the moment contained in a molecular volume around the 
jth dipole and including the moment induced in it by all 
the other dipoles. Clearly this induced moment depends 
on the configuration (1,2,---7---) of all the other 
dipoles. Thus in this case 


Mo(1,2,--+ 7+ *+)=D0j wej(1,2,---f-++), (13) 


and hence 


=D [w.,’’(1,2,- ++ j++ +)Mo(1,2,-- 


corresponding to Eq. (9) of the first case. The further 
development leading through Eqs. (10) to (12) is not 
possible, however, because u,,;’’ depends on all configura- 
tional coordinates. Harris and Alder think that they can 
overcome this difficulty by defining in (H.A. 17) their 
u,, denoted here as u,j;74, as the statistical average of 
u,; over all configurational coordinates except those of 
the jth dipole as 


wagna( J) =( wey’ (1,2,--- 9+ +) dy (15) 


and assuming [w.;”"Mo]j=w.jza(j)LMo]; (cf. HLA,, 
following the equation subsequent to (H.A. 8), written 
as [Mo |= N(u.(Mo)«.)). This latter formula is equiva- 
lent with the statement that 


[we ( 1,2,---j-- -)Mo(1,2,:: 7 oe 1; 


=[u.j/’(1,2,--- j++) J; 
<({Mo(1,2,---j---)];, incorrect; (16) 
and it is wrong because the operation [ ]; involves 
integrations over all but the jth coordinates, and the 
integral of the product of two functions is not equal to 
the product of their integrals. However, using the 
incorrect formula (16), the right-hand side is equal to 
u.jva(j)Mox*(7) and can be written as u,zapox™ be- 
cause the magnitudes yw.j74(j) and wox*(J) are inde- 
pendent of 7. Thus instead of (12) a formula is obtained 
in which yu,’ is replaced by usza. Thus using (12) 


€é,-+2 3e 
UoK 
3 2e+1 3kT USHA 


4rNo ue correct 











€— €,= 


Harris and Alder have evaluated their u,w for the case 
in which short-range forces are absent and find (H.A. 18) 


usza= fur, (18) 


where f is given by (4). Thus the correct p,’= uy 
[see Eq. (8) ] yields the correct formula (1) whereas the 
incorrect replacement of u,’ by u,z4 together with (18) 
yields the further factor f on the right hand side, i.e., it 
leads to the incorrect formula (H.A. 13, 13 a-c). 

Harris and Alder in private correspondence express 
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the opinion that wrong ways of averaging, like that in 
(16), are often used in statistical mechanics. In fact they 
seem to think that their factor f appears through an 
improvement of their model over those yielding formula 
(1). It is of importance, therefore, to notice that Harris 
and Alder’s incorrect method can be applied to a very 
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simple and clearly defined model (rigid point dipoles in a 
continuum of dielectric constant ¢,; absence of short 
range forces) and then leads to the incorrect factor f 
through the incorrect averaging process (16). 

It is evident that any conclusions drawn in Harris and 
Alder’s paper are subject to revision. 
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Dielectric Polarization 


FRANK E. Harris* AND BERNI J. ALDER 
Depariment of Chemistry and Chemical Engineering, University of California, Berkeley, California 


(Received October 12, 1953) 


The assumptions necessary in deriving the equation for the dielectric polarization in the absence of short- 
range interactions between the molecules, as represented by the Onsager equation, are made explicit. The 
equation derived by Harris and Alder for the general case of dielectric polarization of polar liquids is seen 
to involve an approximation not previously stated. The latter equation, when reduced to the limit repre- 
sented by the Onsager equation, becomes identical to it when a further simplification is introduced. 


HE purpose of the present paper is to make clear 
the assumptions involved in the derivation of the 
Onsager! equation for dielectric polarization. This is 
desirable in view of the different equation obtained by 
Harris and Alder? in their formulation of the theory. 
Their equation in the absence of short-range forces 
agrees with an equation previously postulated by 
Piekara,’? while Fréhlich’st‘ and Kirkwood’s® theories 
agree with Onsager’s. 
The general formula for the static dielectric constant 
e derived by Onsager,'! Kirkwood,’ and_ Fréhlich* 
quoted as O, K, and F is (see F 8.5): 


3e 4rNo 
* 


Urur 
Ze+e, 3kT 
Ze+e, 3¢€ 4rNo 


= u 
2e+1 2e4+1 3kT 


e— = 











OKUOK"; (1) 


where e¢,, is the high-frequency dielectric constant and 
No is the number of dipolar molecules per unit volume. 
The dipole moments ur and wox are defined by 





2e+ €., Exot 2 
ur= vox=——r (2) 
2e+1 3 


in terms of the vacuum moment wy of a molecule. 
ur* (or wox*) differs from up (or wox) owing to short- 


*Present address: Chemistry Department, Harvard University, 
Cambridge, Massachusetts. 

1L. Onsager, J. Am. Chem. Soc. 58, 1486 (1936). 

2 F. E. Harris and B. J. Alder, J. Chem. Phys. 21, 1031 (1953). 

3 A. Piekara and K. Zakrzewski, Nature 144, 250 (1939). 

oy Frohlich, Theory of Dielectrics (Clarendon Press, Oxford, 
1949). 

5 J. G. Kirkwood, J. Chem. Phys. 7, 911 (1939). 





range interaction between dipoles. In the absence of 
such interaction ur=ur* (uox=wuox*). In this case 
Eq. (1) becomes identical with Onsager’s equation 
(O 26 and 18). The derivation of (1) and (2) is based on 
a model in which the high-frequency contribution «, 
is not derived from properties of the structure but is 
treated in a macroscopic way as a temperature inde- 
pendent quantity. Otherwise the very general formula 
(F 7.33) has to be used. Furthermore, a free molecule 
is treated as a sphere of dielectric constant e¢,, contain- 
ing a dipole uy at its center so that the total moment 
uy is given by Eq. (2). Kirkwood is only interested in 
the case in which €>e,,, that is nonpolarizable molecules 
and then finds approximately (K 13 and 14) 


3 4rNo 


e~- —oxvor", (3) 
2 3kT 


where ¢,, has been neglected against ¢. Clearly in this 
limit, (3) becomes identical with (1). Harris and Alder 
on the other hand present a formula (HA 13, 13a-c) 
in which expression (1) for e—e,, is multiplied by a 
factor f, 
Eo t2 2e+1 
{= : (4) 
3. e+e, 








In their derivation no particular model for the represen- 
tation of a molecule has to be adopted. 

In comparing the theories, Harris and Alder did not 
notice that the quantity denoted by w in Onsager’s 
and Kirkwood’s paper (O 19 and K 17a) differs from 
the quantity so denoted in Fréhlich’s book (F 8.1) 
(i.e., uox and ur, respectively) so that in their paper 
Fréhlich’s theory is treated incorrectly. In the approxi- 
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ONSAGER’S EQUATION 


mation treated by Kirkwood of unpolarizable mole- 
cules, that is ¢,=1, the factor f of Eq. (4) becomes 
unity. Thus the disagreement that remains to be re- 
solved is between Onsager’s equation to which Fréh- 
lich’s equation reduces and the result of Piekara to 
which Harris and Alder reduce and which differs by 
the factor f. It should be emphasized at the outset that 
we do not imply that Onsager has committed an error 
in treating his model as Piekara tries to show, but 
rather that his model is not as general as the statistical- 
mechanical treatment. 

In Harris and Alder’s treatment a homogeneous 
medium in the shape of a macroscopic sphere in vacuum 
is considered, and the moment of this system for any 
given microscopic configuration is thought of as com- 
posed of two contributions: (i) the displacement mo- 
ment Mz, due to elastic displacement of charge under 
the direct influence of the applied field; (ii) the orienta- 
tional moment Mp due to the specified dipolar con- 
figuration including the displacement moment induced 
thereby in the sphere. The contribution Mz is then 
treated on a macroscopic basis in terms of €,, and one 
finds (see HA 8) (V=total volume) 


€ T e+2)(€,.—1 
e—1= Me}! te 4 (5) 


2e+1 3RTV (€,+2) 








where the symbol [ ] denotes formation of the sta- 
tistical average over all the configurational coordinates 
(1,2,...7,...) of the dipoles (j denotes the configura- 
tional coordinates of the jth dipole). Now in order to 
evaluate [M,?], the moment Mo=M(1,2,.../,...) 
in a specified configuration is written as a sum of con- 
tributions of individual molecules, 


N 
M((1,2,---7,---)=X Us, ;', (6) 
7=0 


where u,, ;/ denotes the contribution of the jth molecule. 
Staying as general as possible, the actual dipole moment 
of molecule 7 in the spherical sample will depend on the 
moment induced by the other molecules surrounding 7 
and therefore on the configuration of these dipoles. 
Thus 


[M.?(1,2,- : “Jy ; ‘)J 


N 
= Lu., j’(1,2,- . *h.° 2 -)-M(1,2,- ‘ hs ‘ ‘)] (7) 


and 
us, i =uy, tad Ti;-ui, (8) 


where T;;= —V,(R;;/R:;*) is the dipole field at molecule 
j due to molecule i at a distance R;; away and a is the 
polarizability of the molecule assumed to be spheri- 
cally symmetric in this formulation. 


FOR DIELECTRIC POLARIZATION 
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Harris and Alder now proceed by replacing the di- 
pole moment of molecule 7 by its average value, that is 


[Me]=> wsiLMo(1,2,---7,---)]j=Nue (Mus, (9) 


j=l 
where 
u.=uvtalD Ti;-us]; (see HA 17), (10) 


and where [ ]; denotes formation of the statistical 
average over all configurational coordinates except 
those of the jth dipole. The sum has been replaced by 
N since all the molecules are equivalent in an isotropic 
substance and (M),, stands for the moment of the 
spherical specimen when any dipole in it has specified 
coordinates. 

The approximation involved in Eq. (9) is replace- 
ment of the mean of a product of two quantities by the 
product of their averages. In other words the fluctua- 
tions in the dipole moment of a molecule have been 
omitted and replaced by their average value. Such a 
procedure tends to become more valid in any real 
situation when the short range forces are either quite 
weak or quite strong. In the former case the surround- 
ings of a molecule can be treated in the limit as a con- 
tinuum and then the instantaneous dipole moment of a 
given molecule does not depend on the position of the 
other dipoles in the system. When the structure of the 
fluid is rigid then thermal motion of the molecules 
becomes energetically unfavorable and the effective 
dipole moment does not vary greatly. In most cases 
the induced moment is about 10 percent of the perma- 
nent and any fluctuation in that 10 percent is likely 
to make a small contribution to the total polarization. 

As has been shown, Eq. (9) involves no approximation 
in so far as you can treat the surroundings of a molecule 
as a continuum. Yet, when Eq. (9) is substituted into 
Eq. (5) and the proper conversions made from the 
spherical sample to an infinite sample, the equation 
differs by the factor f from Onsager’s equation in the 
situation where short range forces are absent. The 
above conversion involves replacing uw, by u, the dipole 
moment of a molecule in an infinite medium. In order 
to justify this replacement the effect of the surface at 
macroscopic distance has been shown to be negligible 
on the dipole moment of a molecule (see HA App. I). 
The additional simplification that has to be introduced 
to recover Onsager’s equation is to set wu, equal to uy, 
that is the effect of the induced dipole moment is 
neglected altogether. 

Thus the model which yields Onsager’s equation as a 
limit is one in which y,, ;’ is the moment of the jth di- 
pole, including the moment it induces (by displacement 
polarization) in all the molecules of the sphere, but 
excluding contribution—either direct or through induc- 
tion—of all other dipoles. All contributions y,, ;/ super- 
impose linearly and add up to form Mp as required. 
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The value of u,, ;’ is obtained by simple electrostatics 
if the simple model of a molecule mentioned at the 
beginning is employed: us, ;’ is then the moment of a 
large sphere of dielectric constant «,, containing a rigid 
dipole ur in its interior. This moment is independent 
of the size of the sphere and hence is equal to the 
vacuum moment uy as required. The rest of the treat- 
ment is as before with this model. 

The foregoing description then, regards all induced 
polarization of a molecule even in the case of strong 
short range forces as interpretable in terms of a polar- 
ization of a continuous dielectric of constant ¢,, and 
cannot therefore adequately deal with problems where 
a large part of the induced polarization is determined 


F. E. HARRIS AND B. J. 


ALDER 


by the local structure. Even in the instance where the 
surrounding of a molecule can be represented as a 
continuum a difference in the evaluation of the induced 
polarization can occur as can be seen from Eq. (10), 
The second term on the right hand is in general not 
zero as in the foregoing model. Harris and Alder ap- 
proximate this term by Onsager’s model where a 
polarizable dipole in a spherical cavity is surrounded by 
the macroscopic dielectric constant of ¢ rather than e,,. 
This must also be done to be consistent with Onsager’s 
general picture. When it comes to the calculation for an 
actual system with an assumed model, the induced 
dipole moment is calculated by them from the structure 
and the use of Eq. (10). 
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The Raman spectra of CF;Br and CF;I have been obtained at —100°C and —40°C, respectively. The 
infrared spectra of both compounds have been obtained at 30°C, and some measurements have been made 
at 160°C. The observed frequencies were assigned to the fundamental modes of vibration, their combinations 
and differences. The frequencies were interpreted in correlation with other CF;X molecules in terms of the 


pertinent “natural” frequencies of vibration. 


INTRODUCTION 


GROWING interest in organic fluorine compounds 
has suggested a need for detailed spectroscopic 
investigation of this class of compounds. Such data are 
of utility not only for semi-empirical use in identification 
and analysis, but also for the determination of the 
intramolecular forces. While a substantial amount of 
work has been done, it is evident that its fullest util- 
ization is dependent upon new theoretical contributions. 
In connection with such studies, this laboratory has 
been engaged for some time in spectroscopic inves- 
tigations of a number of molecules containing the 
trifluoromethyl group. This paper deals with the 
Raman and infrared spectra of CF;I and CF3Br, a 
preliminary report of which has already appeared.' 
Considerable interest has been shown in the infrared 
spectra?* of these molecules, and some differences in 
interpretation have been expressed. 


{ Portions of this paper were presented before 122nd meeting 
of the American Chemical Society, Atlantic City, New Jersey, 
September, 1952 and the 123rd meeting, Los Angeles, March, 1953. 
( — F. Edgell and C. E. May, J. Chem. Phys. 20, 1822 

1952). 

2 E. K. Plyler and N. Acquista, J. Research Natl. Bur. Standards 
48, 92 (1952). 

3 McGee, Cleveland, and Miller, J. Chem. Phys. 20, 1044 (1952). 

4S. R. Polo and M. K. Wilson, J. Chem. Phys. 20, 1183 (1952). 

5 McGee, Cleveland, Meister, Decker and Miller, J. Chem. 
Phys. (to be published). 


SAMPLE PREPARATION 


The CF;Br used for the spectroscopic investigation 
was a commercial sample. It was distilled through a 
50-plate, low-temperature, Podbielniak column at a 
constant boiling point of —59°C at 760 mm. Only the 
middle fraction was used for the determination of the 
spectra. Since the infrared spectra were identical before 
and after distillation, no major amount of impurity 
should have been present in the distilled product. 

The CF;I was prepared according to the method of 
Hazeldine® by the following series of reactions: 


2CF,COOH+Ag.0 — 2CF,COOAg+H,0, 
CF,COOAg+I: 5 CF;I+Agl+CO,. 


Carbon dioxide was removed by passing the gas through 
a three-foot glass column containing ascarite. CF3I was 
then distilled in a similar manner to the CF;Br and 
had a constant boiling point of — 21°C at 760 mm. Again 
only the middle fraction was used for spectroscopic 
work. This sample gave an identical infrared spectrum 
as a sample distilled through an ordinary 15-plate 
column. Newly fractionated CF;I would remain com- 
pletely colorless for a week if protected from direct 
light. The sample of CF3I, when used for the study of 


®R. N. Hazeldine, J. Chem. Soc. 1951, 584. 
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RAMAN AND INFRARED SPECTRA OF CF;Br AND CF;3I 1809 
TABLE I. Raman bands. 
CF3Br CFs3I 
Frequency Intensity Depolarization Frequency Intensity Depolarization 

cm™7! (relative) factor cm" (relative) factor Assignment 

305 2 0.86 265 2 0.86 E Rock 

350 8 0.2 284 20 0.2 A, CX stretch 

548 1 0.86 537 1 0.86 E CF; def. 

760 7 0.2 741 9 0.3 A, CF; def. 

1067 4 0.2 1056 4 0.3 A, CF; stretch 

; , [350+760; CF;Br 

1109 0 p 1018 1 0.2 A 12844741: CF3I 
1188 2 0.86 1168 2 0.86 E CF; stretch 





~— = 





® Polarized, but not measurable on microdensitometer tracing. 


the Raman effect, had to be purified frequently due to 
the decomposition caused by the mercury arc. 


EXPERIMENTAL DETAILS 


A three-prism Applied Research Laboratories spec- 
trograph having a camera aperature ratio of F/3.5 and 
a dispersion of 15 A/mm at 4358 A was used for the 
study of Raman effect. The source was a low-pressure, 
spiral mercury arc of the type used at the University 
of Toronto.’ A current of 18 amperes was used, and the 
intensity of the arc was enhanced by a cylindrical 
reflector coated with a silicone resin pigmented with 
Ti0>.8 

In general, no filters were required to reduce the 
background, and Raman bands excited by 4358 A, 
4047 A, etc., were measured. However the CF;I sample 
was decomposed slowly into iodine and unknown 
materials by the mercury arc. It was found convenient 
to reduce this process through the use of a Wratten 2B 
filter. A sample would remain essentially colorless for 
12 hours under such conditions. The presence of the 
filter eliminated bands caused by the 4047 A Hg line 
while the free iodine formed by decomposition would 
lessen the intensity of the bands caused by the 4358 A 
line. ; 

The Raman effect was studied in the liquid state for 
both compounds using a sample size of 15 ml. In order 
to keep the samples of CF;Br and CF;I below their 
normal boiling points, a special cryogenic unit was 
constructed for use within the Raman arc. It consisted 
of a water-jacketed unsilvered Dewar with plane glass 
windows at the bottom. The cryostat was cooled by a 
stream of air, first dried by passing through silica gel 
and through glass beads coated with P2Os;, followed by 
passing through a copper coil submerged in a dry ice- 
trichloroethylene mixture and then through a glass coil 
submerged in liquid nitrogen. All “cold” connections 
were made with silvered, vacuum jacketed tubes. The 
temperature was kept at —100+5°C for CF;Br. By 
removal of the liquid nitrogen cooler, the sample of CF 3I 
was kept at —40+5°C. The sample was vacuum trans- 





? Thanks are due to Professor Walsh, who sent us details of his 
arcs. 

® This material was kindly furnished to us by the Linde Air 
Products Laboratory, Tonawanda, New York. 


ferred into the Raman tube through a commercial, 
medium, sintered glass disk. Attention was given to 
cleaning the Raman tube. The fact that the sample was 
nearly free of dust was shown by the absence of ex- 
cessive background on the films. 

The Raman spectra were recorded on Eastman Tri 
X Pan film. Slit widths of 150 to 300 microns were used, 
with exposures varying from 3 to 24 hours. A reference 
spectrum of argon was employed, and frequencies were 
calculated by means of the Hartmann. dispersion for- 
mula and a graphical method. The two methods check 
within 0.3 cm. Values from various films deviate +1 
cm from the mean values. Semiquantitative intensity 
measurements were made from microdensitometer 
tracings of the films. 

Polarization measurements were made by a method 
similar to that of Glockler and Baker.’ Opposite panels 
on the Raman tubes were painted with flat black paint, 
so that light from the arc could enter the tube only 
from the two sides perpendicular to the painted ones. 
The light coming from the Raman tube was analyzed 
by placing one piece of polaroid film with the proper 
orientation across the upper half of the slit of the spec- 
trograph and another piece of polaroid film with an 
orientation perpendicular to the first across the lower 
half. The depolarization factors were calculated from 
microdensitometer tracings of the films. Corrections 
were made for (1) the nonlinearity of peak height with 
band intensity, (2) the background on the films, (3) the 
polarization of the spectrograph, and (4) the nonparallel 
nature of the light from the arc. The intensity measure- 
ments assume a uniformity of film response between 
4358 A and 4800 A. 

Table I contains a summary of the data for the 
Raman effect, while densitometer tracings of the spectra 
obtained with unpolarized light are found in Figs. 1 
and 2. 

The infrared spectra of the gases were observed in 
the region from 2 to 25 microns. Ten centimeter gas 
cells were used with pressures from 0.5 mm to 760 mm 
Hg. Runs were made at 30°C and 160°C. A CaF: prism 
was used from 2 to 8u and a NaCl prism from 8 to 15y 


® G. Glockler and G. Baker, J. Chem. Phys. 10, 305 (1942); 10, 
404 (1942). 
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Fic. 1. The Raman spectrum of liquid CF;Br at — 100°C. 


with the appropriate linear wavelength and constant 
energy slit cams in a Perkin-Elmer, Model 21, doubie- 
beam spectrometer. Two types of runs were made: 
survey spectra, taken with moderate resolution (slit 
schedule 4) at 2 minutes per micron, and “high resolu- 
tion” spectra, taken with narrow slits (schedule 6) at 
30 to 60 minutes per micron. The spectrometer was 
calibrated with acetylene, ammonia and water vapor as 
primary standards.” It was found that the corrections 
to be applied were dependent upon the warm-up time 
for the spectrometer and the conditions of operation, in 
particular the response time and the scanning rate. 
The spectrometer and its electronic components were 
warmed up for one-half hour for survey runs and for 
four hours for “high resolution” runs. Most of the 
wavelengths reported here, including all fundamentals, 
were measured from the latter type of run and the 
uncertainty is believed to be +0.005yu or less over the 
whole region. The accuracy is greatest at the longer 
wavelengths and for the sharper bands. 

A KBr prism was used with the NaCl cams in the 
Model 21 spectrometer to cover the region between 15 
and 25u. Calibration of the nonlinear wavelength scale 
was effected through the observation of the bands of a 
number of organic compounds reported in the literature. 
It is believed the accuracy here is at least +2 cm™. 

Figures 3 and 4 are drawings of the infrared spectra 
under survey conditions. Table II gives the wavelengths 
of the bands at 30°C. When the resolution was great 
enough to show the PQR branches, they are listed 
individually in the table. Several additional, extremely 
weak bands were found at wavelengths less than 4y 
for each molecule when one atmosphere pressure was 
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Fic. 2. The Raman spectrum of liquid CF;I at —40°C. 





1” Oetjen, LanKav, and Randall, Rev. Sci. Instr. 13, 515 (1942). 
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Fic. 3. The infrared spectrum of CF;Br. 


used in the cell. They are not listed in Table II because 
they could not be measured with accuracy. However, 
they include the three bands for each molecule tabu- 
lated by Polo and Wilson‘ in this region. 

The infrared spectral data reported earlier?~® are in 
essential harmony with this work. The wavelength of 
the bands agrees as well as might be expected, i-e., 
rather well on the whole. The data of McGee, ef al.5' 
do not extend beyond about 2100 cm™, while several 
of the very weakest bands generally observed do not 
appear in their tabulation. We do not find the band of 
moderate intensity .at 830 cm and the questionable 
band at 470 cm reported? for CF;Br nor that* at 649 
cm—!, The same is true for the weak band reported? 
at 949 cm™. It has been suggested*:® that the band of 
moderate intensity centering at 730 cm™ is due to CO». 
Because this band has been observed by all the labora- 
tories and has a typical type A structure, it is believed 
to result from CF;Br. On the other hand, while we 
observe the complex band centering at about 696 cm™ 
in the same form shown by Plyler and Acquista,? the 
689 cm™ branch has been challenged by Polo and 
Wilson‘ as an impurity. This is likely, since the band 
shape is not explainable in a simple fashion. 

The infrared spectrum of the CF;I samples, after 
passing through the ascarite column but before distil- 
lation, showed weak bands at about 711, 1111, and 
1121 cm™, a band of moderate intensity at 697 cm” 
and a rather strong band at 1250 cm™. These disap- 
peared upon rectification and presumably are the same 
as those reported earlier? at 711, 1114 and 1246 cm”. 
The bands reported at 518,38 9494 and 1173 cm”; 
also have not been observed. On the other hand, this 
study reports very weak bands at 1148, 1855, and 1961 
cm™ plus a slight shoulder at 1193 cm~ which have 
not been observed earlier. 
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Fic. 4. The infrared spectrum of CF;I. 
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DISCUSSION 


The microwave spectra! of these molecules confirm 
the expected C3, symmetry. Three fundamentals are of 
type A, and three of type £. All fundamentals, as well 
as the overtones and combinations, are permitted in 
both the Raman and infrared spectrum. The type A, 
vibrations are polarized in the Raman effect and have 
a parallel type band in the infrared spectrum. The 
moments of inertia may be calculated from the micro- 
wave data" together with the assumptions of tetra- 
hedral angles and a C—F distance of 1.326 A. With 
these, the theory of Gerhard and Dennison” predicts 
P, Q, and R branches with a PR separation of 14 cm 
for CF;Br and 11 cm™ for CF;I. The type £ vibrations 
are depolarized in the Raman effect and give rise to 
perpendicular bands in the infrared spectrum. Theory 
suggests that the dominant feature of these bands 
would be a prominent Q “branch.” The A; fundamental 
modes can be described roughly as a symmetrical CF; 
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Fic. 5. The parallel band 
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stretching vibration, a symmetrical CF; deformation 
vibration and a symmetrical C—Br or C—I stretching 
vibration. The £ modes are roughly characterized as an 
antisymmetrical CF; stretching vibration, an antisym- 
metrical CF; deformation vibration and the rocking 
vibration. 

The Raman and infrared spectra give good evidence 
of the C3, structure of these molecules. Thus six “strong” 
lines are observed in the Raman effect, three of which 
are polarized. In the region of common observation 
the strong infrared bands correspond to the Raman 
lines. Of greater importance is the nature of the band 
envelopes, which are typical of the symmetric top. 
Examples are the parallel bands at 13.2u in CF;Br and 
9.34 and 13.54 in CF3I shown in Figs. 5, 6, and 7 under 
conditions of “high” resolution. The PR separations 
are in agreement with the theory as can be seen from 
Table II. This is shown more precisely in the com- 
parison between theory and measurement made at 





J, Sheridan and W. Gordy, Phys. Rev. 77, 292 (1950). 
(1933) L. Gerhard and D. M. Dennison, Phys. Rev. 43, 197 
2). 
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TABLE IT. The infrared bands of CF;Br and CF;I. 











CF;3Br CF3l 
Calc. Calc. 
Obs. em! Obs. cm~! Strength Assignment 
2978 265° vm, E 
3508 2868 vs, As 
449 
456 455 w- vo—v3, Ay 
461 
550 540 M v5, E 
689 Impurity? 
693 562 
699 700 S72. 572 M 2y3,” Ay 
703 576 
723 
7300=—- 735 777—s 787 W vi-—3, Ay 
738 
753 735 
761 741 S ve, Ay 
766 747 
845 847 808 805 W vstve, AitAotE 
907 909 918 920 w- va— V6, A 1+A ot+E 
1077¢ 1067 
1085 1073 S++ m1, Ay 
1090 1078 
1109 1019 
1116 1111 1026 1027 S votys, Ay 
1122 1030 
1149 Impurity? 
11724 1179 1193* 1196 w- 2ve— v3, Ay 
1206 1185 S+ w4,E 
1303 1311 1269 1281 M veotys, E 
1382 1382 1332 1338 W vite, E 
1426 1435 1359° 1359 WwW vit, At 
1470 1461 Ww- vot2p3, Ay 
1503 1503 1443 1450 W vetve, AitAotE 
1625 1635 1605 1613 W mtn, E 
1750 1756 1724 1725 W vgatys5, AitAetE 
1847 1846 1818 1813 W vitve, Ay 
1889 1879 1768 1768 Ww- 2vo+v3, Ay 
1855 1860 W= 2v1— v3, A 
1963 1967 1916 1926 W vatve, E 
1961 1972 W= w%+n—v,E 
2162 2170 2137 2146 W 2m, A1 
2173 2185 vni+2ys, AitE 
2195 2196 2096 2099 w- vitvetys, Ai 
2281 2291 2242 2258 W vwetn, E 
2312 2317 2203 2211 w- vetvoty:, E 
2389 2412 2331 2370 W 2v4, Ar +E 
2497 2490 2433 2432 W= 2vit+ys, As 
~3480 3497 ~3401 3443 w- 2ut+nm, AitEz 
~3570 3618 ~3496 3555 w- 34, AitAetE 








* Calculated from the combination bands. 
b See text for alternate assignment. 


© Shoulder. 
4 May be an impurity. 
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F'1G. 6. The effect of temperature on the parallel band 
at 13.54 in CFI. 


about 30°C and about 160°C on the 13.24 band for 
CF;Br and the 13.54 bands for CF3I given in Table III 
and Fig. 6. 

The assignment of the fundamentals may be made 
in a straightforward manner. The frequencies at about 
1100 and 1200 cm™ are the CF; stretching vibrations. 
An examination of the band envelopes, see Fig. 7 for 
example, shows that the lower frequency is the A; 
vibration. This is confirmed in each case by the fact 
that the corresponding Raman line is polarized. The 
characteristic liquid-vapor shifts'* are evident. The re- 
maining strong Raman lines are found at about 550, 
750, and a pair between 275 and 350 cm™ for each 
molecule. The first two are characterized as CF; 
deformation vibrations. Since the higher frequency is 
polarized in the Raman effect and corresponds to a 
parallel band in the infrared spectrum (see Table I and 
Figs. 5 and 6), it arises from the A; mode. 

Two fundamental modes are yet to be assigned. Two 
strong Raman lines remain: 350 and 305 cm™ for 
CF;Br; 284 and 265 cm™ for CF3I. On the basis of the 
polarization data (Table I), the lines at 350 and 284 
cm™, respectively, are assigned to the A, vibrational 
mode, and those at 305 and 265 cm™, respectively, the 
E vibrational mode. As discussed below these are sub- 
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Fic. 7. The perpendicular and parallel bands associated with 
the “CF; stretching” vibrations. 


ama F. Edgell and Willis E. Byrd, J. Chem. Phys. 18, 892 
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TABLE III. PR separations for the A; CF; deformation bands, 





CF;3Br CFsI 
Temp. °C Exp. Caic. Exp. Calc. 


30° 13.3cm—_ 13.7 cm= 11.6cm 11.4 cm 
160° 16.1 16.3 13.8 13.6 











stantially C— Br or C—I stretching vibrations and the 
rocking motion of the CF; group against the C—Br or 
C—I bond. Plyler and Acquista? succeeded in finding 
a weak band at 348 and 284 cm”, respectively, in 
CF;Br and CF;I, using a long path cell and a spec- 
trometer with KRS-5 optics. No other infrared bands 
have as yet been observed in this region. Several inves- 
tigators?-> have attempted to arrive at frequencies 
for these fundamentals from the combination and 
overtone bands. Their results have not been in agree- 
ment. Polo and Wilson‘ were the first to obtain, by 
this method, the values found in the Raman effect. 

An examination of Figs. 1 and 2 shows two weak 
Raman lines not yet discussed for each molecule. The 
lines found at about 703 and 684 cm™ when they are 
assumed to be excited by 4358 A are, in reality, the 
strong Raman lines at 760 and 741 cm“ excited by the 
satellite mercury line at 4348 A. The weak, polarized 
lines at 1109 cm for CF;Br and 1018 cm™ for CFI 
are assigned to the type A: combination 350+760 
=1110 cm™ and 284+741=1025 cm", respectively. 
It is quite possible that they owe a portion of their 
intensity to resonance with the A; CFs; stretching 
vibration. 

The bands remaining in the infrared are easily inter- 
preted as combinations and differences of the assigned 
fundamentals. Most binary combinations are observable 
but weak. The ternary combinations which are observ- 
able are all very weak. All bands with the PQR struc- 
ture are assigned to A; type vibrations. 


The Nature of the Vibrations 


It is interesting to compare the fundamental fre- 
quencies of CF;Br and CF;I with those of other mole- 
cules of the*type CF;X. The vibrational spectra of 
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Fic. 8. The trends in the vibrational frequencies of 
the CF;X molecules. 
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CF3;H,"* CF;D,!7 CF;CN,!8 and CF;Cl'** have been 
studied. The pertinent fundamentals are listed in 
Table IV and shown in Fig. 8. 

The CF3;X molecule is regarded as a CF; group (itself 
possessing four (hypothetical) “natural” vibrations) 
bonded to the X atom, which gives rise to two “‘natural”’ 
vibrations of the X atom against the (rigid) CF; group. 
The “natural” vibrations of the CF; group might be 
described roughly as the symmetrical CF; stretching 
and deformation vibrations and the antisymmetrical 
(degenerate) CF; stretching and deformation vibra- 
tions. The two “natural” vibrations of the X atom 
against the CF; group are the symmetrical X—CF; 
stretching vibration and the antisymmetrical (degen- 
erate) rocking motion of the X atom against the CF; 
group. The observed frequencies of vibration of the 
CF;X molecule are the result of coupling between 
these two groups of “‘natural”’ frequencies. 

As the mass of the X atom approaches zero on the 
one hand or infinity on the other, the four “natural” 
frequencies of the CF; group should emerge, modified 
by the variation in the forces active on the atoms of 
this group. An examination of Fig. 8 reveals that the 
type A; “natural” vibrations of the CF; group occur 
at about 700 cm™ and 1100 cm™ and the type E at 
about 520 cm and 1180 cm”. The implication is 
present that the forces acting on the CF; atoms are 
similar in the molecules with X=H, D, Cl, Br, and I. 

The actual vibrations are found in the frequency 
range expected from the coupling of the “natural” 
vibrations involved in each molecule. Thus, for example 


TABLE IV. The fundamentals of certain CF;X molecules. 











Type CF3H'6 CF3;D" CF3;CN!8 CF;C1” 
1; 3031 cm™ 2273 522 478 
1, 1117 1109 1228 1102 
A, 700 693 801 783 
E 507 504 464 356 
E 1152 1207 1215 1210 
E 1372 974 625 560 








4G. Glockler and W. F. Edgell, J. Chem. Phys. 9, 224 (1941). 
'S Rank, Shull, and Pace, J. Chem. Phys. 18, 885 (1950). 
‘6 E. K. Plyler and W. S. Benedict, J. Research Natl. Bur. 
Standards 47, 202-220 (1951). 
‘7 W. F. Edgell and C. E. May (to be published). 
18 W. F. Edgell and R. M. Potter (to be published). 
as t) Kahovec and J. Wagner, Z. physik. Chem. B48, 188-92 
41). 
a H. W. Thompson and R. B. Temple, J. Chem. Soc. 1948, 
2-8. 


TABLE V. The ratio rule calculation of the CF;—X vibrations. 

















CX stretch frequencies Calculated Experimental 
in 2 cm~! cm! 
C-I 292 286 
C-—Br 357 352 
C-Cl 491 478 
C-—D 2267 2273 
C=#H 3028 3030 


the CF; group frequencies in general appear at fre- 
quencies less than those of the “natural” vibrations in 
CF;H and CF;D and at higher frequencies in CF;Cl, 
CF;Br, and CF;I. The interaction between the two 
types of “natural” vibrations in these five molecules is 
small and increases as the weight of the halogen atom 
decreases. It is seen that the vibrations found at 284, 
350, and 478 cm™ in CF;I, CF;Br, and CF;Cl, respec- 
tively, are to be regarded as substantially the stretching 
vibration of the X atom against the (rigid) CF; group, 
contrary to the earlier assignment.’ That the coupling 
is much more pronounced in the CF;CN molecule is 
evident from Fig. 8. 

That the interaction between the CF; and X—CF; 
“natural” frequencies is small implies not only that 
the observed frequencies should contain values not 
greatly different from the “pure” CF; “natural” vibra- 
tions but also that the remaining two vibrations should 
involve a nearly rigid CF; group. If this is so and the 
broad implications of the above are accepted, then it 
should be possible, for example, to calculate the C—X 
stretching frequency in CF;X from the “‘corresponding”’ 
frequency in CH;X when X=Cl, Br, I and from that 
of CCl;X when X=H, D using the modified ratio 
rule?! based upon an approximate normal coordinate 
with a rigid CY; group (Y=H, F, Cl). Table V contains 
a comparison between the calculated and the experi- 
mental values. The agreement found there suggests that 
the above point of view forms a satisfactory basis for 
interpreting the spectra of the CF3X molecules. 
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By applying symmetry considerations to intramolecular torsional barriers the over-all barriers are resolved 
into contributions from the interactions of individual change distributions (i and k). This makes it possible 
to classify internal potential barriers and calculate their heights and shapes if the Fourier coefficients C,‘* are 
known. Some figures, mainly C;‘* values, were obtained from experimental barriers others can be estimated 
by theoretical methods. The Lennard-Jones potential with m=12 and m=6 appears to be altogether un- 
suitable for describing barriers of internal rotation, but a simple repulsive potential V=a,R™ with n~5 


furnishes a reasonable approximation. 





INTRODUCTION 


LTHOUGH a large body of experimental data on 
torsional frequencies and intramolecular barrier 
heights have been accumulated over recent years!“ only 
little progress has been made towards systematic corre- 
lation. To some extent all available theories*—" account 
for the rapid falling-off in barrier height with increasing 
distance of rotating groups and for the symmetry 
properties of composite torsional potentials. The theo- 
retical methods are, however, of rather a preliminary 
character and were usually applied to only few molecules 
with simple symmetrical structures. 

In spite of this it seems possible, by a suitable combi- 
nation of certain empirical data with symmetry con- 
siderations and theoretical conclusions, to estimate 
hitherto unknown barrier heights and shapes of a large 
number of molecules and thus assist interpretation of 
vibrational spectra and calculation of thermodynamic 
properties. 


SYMMETRY RELATIONS 


If at least one of the two rotating groups of the 
molecule possesses a plane of symmetry, o,, which con- 
tains the axis of internal rotation and is a symmetry 
plane for the whole molecule, then 


V (¢)= X Ci(1—cosk¢), (1) 


k=1 


where ¢ denotes the angle of twist. Since axially sym- 
metric single and triple bonds (i,k: - -) and lone electron 
pairs (p) as well as double bonds (7) satisfy the sym- 
metry condition ¢, it is possible to resolve intramolecular 
torsional barriers into contributions from individual 
charge distributions as long as this procedure possesses 


1G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, New York, 1945). 

2K. S. Pitzer, Faraday Soc. Disc. 10, 66 (1951). 

3 J. G. Aston, Faraday Soc. Disc. 10, 73 (1951). 

4A. Eucken and Franck, Z. Elektrochem. 52, 195 (1948). 

5 Mizushina, Morino, and Shimanouchi, J. Phys. Chem. 56, 324 
(1952). 

¢ H. J. Bernstein, J. Chem. Phys. 17, 262 (1949). 

7 E. N. Lasettre and L. B. Dean, J. Chem. Phys. 17, 317 (1949). 

8 Au-Chin Tang, J. Chinese Chem. Soc. 18, 1 (1951). 

°R. G. Parr and B. L. Crawford, J. Chem. Phys. 16, 526 (1948). 

N. W. Luft, Trans. Faraday Soc. 49, 118 (1953). 
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physical significance. Thus’ we obtain 


Cr.=3 > C,.!" coskdo!’, (2) 
1,? 


where C;’" is the &th Fourier coefficient for the inter- 
action between the charge clouds 1 and r on opposite 
sides of the rotation axis and ¢o!" their initial azimuthal 
angle (for ¢6=0). For electrons in closed shells and those 
which do not alter their relative orientation during 
internal rotation all C;!"’s vanish. 

Equation (2) has been found useful!!-” in correlating 
and estimating various barriers of high and low sym- 
metry. Although coefficients from k=1 to R= 12 are of 
practical interest, for any one barrier no more than four 
Fourier coefficients need be retained even in a detailed 
and accurate representation of low symmetry barriers, 
whereas C3 alone is sufficient for ethane and similar 
cases. 

The coefficients C;'" are determined by the separation 
of the two interacting charge clouds and by their 
properties, i.e., electronic configuration. The central 
atoms at the end points of the rotation axis have either 
tetrahedal or trigonal configurations, the available sites 
being occupied by bonds or lone pairs. As substitution 
usually does not alter the bond angles appreciably and 
since lone pair electrons for first-row elements are very 
similar in structure, the rotating groups may be 
classified according to their number of equal and 
symmetrically placed charge distributions and char- 
acterized by indicial symbols, e.g. 7? denoting —CHs, 
—SiX;(X=H, F, CH;, ---); —ClO3; 1p2=—OH, ik 
=—CO-X, =CXH, ip=—NCO etc. Then the addi- 
tivity rules" for some simple barriers may be stated as 
follows: 


P—kim: Crn=3 (Csn**+ Can!+ Cyn”) 

P—Rl:  Con=3(C3n**+[—-1]"C3) pn=1,2---; (3) 

P—R*: Con=4C,'* else C,=0. 
These and similar symmetry conditions are satisfied 

automatically in any theory of torsional barriers which 

makes use of a sufficient number of parameters and can- 


N. W. Luft, Faraday Soc. Disc. 10, 117 (1951). 
2 N. W. Luft, J. Chem. Phys. 21, 179 (1953). 
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not be taken as evidence in favour of a particular theory®. 
From this point of view a consideration of torsional 
Fourier coefficients for individual charge distributions 


seems to be preferable to a discussion of overall barrier 


heights. Apart from being more systematic it is often 
also simpler than a point-wise calculation of changes in 
the hindering potential with angle of torsion. A number 
of Fourier coefficients can be readily obtained from 
available experimental data on barriers, but on other 
occasions certain theoretical results to be discussed next 
may provide a useful guide. 


ORDERS OF MAGNITUDE OF TORSIONAL BARRIERS 
AND THEIR FOURIER COEFFICIENTS 


The interactions responsible for the usual types of 
torsional barriers about single bonds are of a net re- 
pulsive nature, as appears from the well-known stability 
of the staggered or ¢rans-configuration of many mole- 
cules, and are therefore identical with those repulsive 
forces which cause a weakening”: of bonds in poly- 
atomic molecules. This implies that for single bond 
interaction the leading coefficients C, in Eq. (1) are 


TABLE I. Methy!] barriers in substituted propanes, 











H;C— CH.— eo 

Molecule Vo (kcal/mole) Ref. 
H;C—CH2CH; 3.40 2 
H;C—CH2C2H; 3.6 1 
H;C— CH2C;3H; 3.6 1 
H;C—CH2CH: CH2 3.4 17 
H;C—CH2C: CH (~3.0) 3 
H;C— CH2CH2NH2 3.4 a 








a Calculated from the observed Raman shift (see reference 16) at 239 
em™, 


essentially positive and rapidly converging. Although 
sometimes obscured in symmetrical molecules by the 
operation of symmetry conditions, this tendency may be 
demonstrated by reference to rotating groups of low 
symmetry. Barriers of the type 7”7k— 7? for instance are 
known” to be adequately described by the first four 
Fourier coefficients and, for halogenated and methyl 
substituted ethanes, c:~c3> Co. 

The Fourier coefficients C3, (n=1, 2---), however, 
are sums of bond increments C;,!", viz. C3n=4C3n** 
+C3n**+4C3,**, whereas the others are differences 
Cr=Cyt#+C,**—2C,**(C+3n), so that C,'"> C3)". 

Furthermore, for F;C—SF,4-F the 12-fold barrier was 
recently" determined as Vp=0.62+0.2 kcal/mole, i.e. 
Ci2(FC—SF)=0.026+0.008 kcal/mole. Although no 
C,(FC—SF) with n<12 is available, this figure for 
Ci2(FC—SF) is considerably smaller than any known 
C3**, e.g., C3(FC— CF) =0.23 kcal/mole. 

The decrease of barrier height with distance is gradual 
enough to permit of some influence of more distant 
bonds, e.g. the torsional barriers in propane are not only 





*N. W. Luft, J. Chem. Phys. 22, 155 (1954). 
*P. Kisliuk and G. A. Silvey, J. Chem. Phys. 20, 517 (1952). 


TABLE II. Methyl barriers in molecules H3C—R—CHs3. 











H;C —R—CH:; C—C distance Barrier height 
R= A Vo kcal/mole Ref. 
ves 1.54 2.90.15 2, 3, 16 
C:C 4.14 <0.02 see 1,7 
Zn 4.1 0 a 
Cd 4.3 0 b 
Hg 4.46 0 a 
C:C—C:C 6.65 0 








® Boyd, Thompson, and Williams, Faraday Soc. Disc. 9, 154 (1950). 
>R. L. Williams and H. W. Thompson, Nature 167, 766 (1951). 


due to repulsion between CH; groups and directly 
opposite CH and CC bonds but interaction between the 
two methyl groups makes some contribution as sug- 
gested by a recent theoretical treatment.’ A number of 
experimental results, however, indicate that such in- 
fluences are usually but slight. Thus in propane de- 
rivatives the variation of substituents remote from the 
rotation axis leaves barriers almost unaffected (Table I) 
whereas an increase of CC distance from 1.54 to 24A 
reduces the methyl barriers from 2.9 kcal/mole in 
ethane to practically zero (Table II). For this reason it 
seems justified to neglect more distant charge clouds 
whenever magnitudes, shapes, and Fourier coefficients 
of barriers between closer substituents are considered. 

In order to demonstrate the influence of interaction 
distance upon the Fourier coefficients one may trans- 
form the Fourier expansion, Eq. (1), of the torsional 
barrier V into a series in negative powers of distance, 
R=R,,, between the origins of individual charge clouds 
on the two sides of the central bond d (Fig. 1). Thus 


V=)>.¢.k* (4) 
and 


2 ° 
C,.=-> J (a,/R") coskodd. (5) 
* 0 


In general both R and a, will vary with the angle of 
torsion ¢ but, at least in principle, either of them may be 
taken as constant, assuming the a,’s as independent of @ 
and putting 


Ro=R(o=0); R,=R(¢=n), 


C= (R,/Ro)?= 1+ (4rir2/Ro*) sinB; sinBe, (6) 
and 
y= (C—1)/(C+1), 
one has 
R’= R?(1—7¥ cosd)/(1—v) ; (7) 


Fic. 1. Internal rota- 
tion of two bonds 7 
and fe. 
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Fic. 2. Fourier co- 
efficients for  repul- 
sive potential V=a,R-; 








--~9=12; —#=6, 





























and for small values of y Eq. (5) may now be integrated 
by series expansion of R~” in ascending powers of y. 
Neglecting terms in y’ and higher, the first four coeffi- 
cients are 


Ci~sy ye n(1 —¥)""a,/Ro” 
Co~ (1/16)? >, w(n+2)(1—y)"a,,/Ro” 
C3~ (1/192) 7 X, n(n+ 2) (n+4) 
X (1—y)”a,/Ro” 
Cy~ (1/3072) 74 Din w(n+ 2) (n+4) 
x (n+ 6) (1 —v¥) nl2q,,/Ro" J 


rpy<K1. (8) 





The polynominals in ensure that the higher coefficients 
C;'" fall off with distance more rapidly than the lower 
ones. On the other hand it follows that the proportionate 
contributions to C;!" from regions near the rotation axis 
are larger for small k’s than for big ones. | 


REPULSION THEORY 


A much simplified form of the repulsive potential, 
Eq. (4), with constant coefficients is the function 
V =a,R-"—a,R-" = [em/(n—m) ] 
X[(R./R)"— (n/m)(R-/R)”]. (9) 
Here R,, the equilibrium distance at which V=—e, is 


related to the kinetic low velocity collision diameter Ry 
where V=0, by 
R.=R,y(n/m)"!O-™, (10) 


For convenience V may be referred to its value, Vc» 


30 C—~35 4.0 


with the two end atoms in cis position (6=0) at the 
distance Ro, i.e. 
V=[V./(1—a@) JD (Ro/R)"—a(Ro/R)™], (11) 
where 
= (Ro/R,)""”. (12) 


If Ro and R, are both smaller than Ry, Eq. (11) can be 
approximated by the repulsive term alone 


V= V.(Ro/R) n— VL (1 —y)/(1 —y cos¢) |”. 


The Fourier coefficients of this potential barrier are 
given by 


(13) 


C.=(2V.-/n) EE (-1)## 


i=0 k=0 


v 1 
x( )( )Pe+2k—2i; m), (14) 
2i/ \k 





(15) 


© (1—Z)(14Z)-P-1dZ 
F(p; 24) = 5 
eit J (1+CZ)*(z)! 


For the usual exponents = 12 and 6 this integral can be 
evaluated in terms of gamma functions and the corre- 
sponding values of (C,/V.) are plotted in Figs. 2 and 3. 
With n= 12 the following expressions obtain 


C./Vo= fr(C)/128(C)? (16) 
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fi(C) = 63+ 21/C+6/C j 


fo(C) =63—21/C—42/C 


fa(C) = 63— 189/C+ 126/C 
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where f, are polynominals of the 5th degree in C7 viz. 


—6/C*—21/C'—63/C 


—42/C}—21/C#+63/C% 
f3(C) = 63—91/C—42/C? 
+42/C*+91/C*—63/C® 


(17) 





+ 126/C*— 189/C*+- 63/C*) 


In general, the ratios (C;.,:1/Cx) vary considerably with 
C and at any given C these ratios are smaller for n=6 
than for #=12. 

The simple repulsion barrier Eq. (13), has been used 
by several authors*:*® for correlation of torsional bar- 
riers and exponents »=5 to 7 were found to reproduce 
satisfactorily the barrier heights of a number of com- 
ponents with methy] rotation. On the other hand it was 
also proposed!® to apply the Lennard-Jones potential, 
i.e. Eq. (9) with »=12 and m=6, which is important in 
the kinetic theory of gases, to internal torsional barriers. 
Hereby the positions of charge origins are taken, not 
without some ambiguity, to be either in the free end 
atoms or half-way between the end atoms of a bond, 
making r; equal or half the length of the rotating bond. 
These assumptions may now be checked by comparing 
Fourier coefficients C;‘* obtained from experimental 
threefold barrier heights'""'*'? with those resulting 
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Fic. 3. Fourier coefficients for repulsive potential 
V=a,R"; n=6;----- n=4. 


6 J. van Dranen, J. Chem. Phys. 17, 262 (1949). 

6 Landolt-Bérnstein, Zahlenwerte und Funktionen (Springer, 
Berlin, 1951), vol. I, 2, I. 

7 Smith, Saunders, Nielsen, and Ferguson, J. Chem. Phys. 20, 
847 (1950). 
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TABLE III. Threefold barriers about single bonds. 











Bonds Diameter C3** 

i-k e ¥ Ro (A) (kcal/mole) 
HC—CH 1.82 0.291 2.27 0.16 
HC—CF 1.94 0.319 2.37 0.20% 
FC—CF 2.10 0.352 2.45 0.23 
HC—CCl 2.03 0.340 2.57 0.16» 
CIC—CCl 2.47 0.424 2.74 0.67¢ 
HC—CMe 1.99 0.331 2.46 0.25 
MeC—CMe 2.26 0.393 2.59 0.36 
FC—CCl mae 0.374 2.61 0.664 
HC—OH 1.84 0.296 2.12 0.18 
HC—NH 1.83 0.293 2.19 0.22 
HC—OMe 2.07 0.349 2.29 0.45 
HC—NMe 2.03 0.340 2.37 0.36 
HC—C-OR 1.99 0.331 2.38 0.18 
HC—C-NR 1.98 0.330 2.43 0.20 
HC-—C:0O 1.89 0.308 2.32 0.33! 
HC—C:CHy2 1.93 0.317 2.36 0.49 
HC—N-NH, 2.03 0.339 2.36 0.308 
HC—SH 1.74 0.274 2.64 0.24 
HC—SMe 1.85 0.298 2.88 0.33 








® From Vo(H3C —CF3) =3.66 kcal/mole [Smith, Brown, Nielsen, Smith, 
and Liang, J. Chem. Phys. 20, 473 (1952) ]. 

b Recently [Smith, Brown, Nielsen, Smith, and Liang, J. Chem. Phys. 20, 
473 (1952)] w:=205 cm and Vo=3.045 kcal/mole were assigned to 
H3C —CCl]; torsion, in good agreement with data by K. S. Pitzer and J. L. 
Hollenberg, J. Am. Chem Soc. 75, 2219 (1953). 

e Cf. Vo(ClsC —CCl3)~12 kcal/mole from electron diffraction by 
Mizushima et al, J. Chem. Phys. 17, 838 (1949). 

4 From Vo(F:C —CCls) =11.9 kcal/mole, see N. W. Luft, J. Chem. Phys. 
22, 155 (1954). 

¢From Vo(HsC —OH) =1.07 kcal/mole by E. V. Ivash and D. M. 
Dennison, J. Chem. Phys. 21, 1804 (1953). 

{From Vo(HsC —CHO) =1.0 kcal/mole by K. S. Pitzer and Wm. 
Weltner, J. Chem. Phys. 71, 2942 (1949). 

e Average of Vo(HsC—NH-NH2)=3.2 kcal/mole and Vo(HsC 
—NH-NH-CHs) =3.0 kcal/mole by J. G. Aston et al., J. Am. Chem. Soc. 
73, 1937 (1951). 


from the previous formula by using gas kinetic values'*~” 
of «. The data adopted are given in Table ITI. 

For charge origins placed midway between the end 
atoms of the bonds r; the parameter C has to be replaced 
by C’=(C+3)/4 and y by 7’=7/(5y—4). With this 
provision, however, and n=4, 6, 12 known C;'*’s re- 
sulted in repulsive energies V. between pairs of single 
bonds in ethane derivatives which are much too high 
(>10 kcal/mole) in comparison with C—C_ bond 
energies. For this reason r; was set equal to the bond 
length in all subsequent calculations. Although this fails 
to take proper account of regions close to the rotation 
axis, in particular lone electron pairs in H;C—OH, 
H;C—NH: etc., it probably does not involve serious 
errors for C; and higher Fourier coefficients. The values 
of repulsive energies ¢ calculated from C;’s are found to 
be not in agreement with gas kinetic e’s. The results are 
particularly disappointing for n=12, where they may 
differ by a factor of ten or more, and such discrepancy 
cannot be removed by inclusion of the attraction term 
since, for the range of distances R considered, it does not 
exceed ten percent of repulsive interaction. 

On the whole, n=4 to 6 is much better though not 
altogether a satisfactory approximation, and it may, 


18 Hirschfelder, Bird, and Spotz, Trans. Am. Soc. Mining Met. 
Engrs. 921 (1949). 

19 J. W. Linnett and D. F. Heath, Trans. Faraday Soc. 48, 592 
(1952). 

2” Hamann, McManamey, and Pearse, Trans. Faraday Soc. 49, 
351 (1953). 
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TABLE IV Barriers i?—rs with small C; terms. 








Harmonic 
Vo oscillator 
(kcal/mole) we (cm~!) 


H;C— CH: CH, ‘ 200 
H;C—CHO j 140 
H;C— C(CHs3): CH, - 160 
H;C—CO-CH; ' 100 
H;C—CO-OH : 125 
H;C—CO-F . 115 
H;C—COo-Cl : 100 
H;C—CO-OCH; : 125 
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therefore, be used for extrapolation to neighboring 
conditions. Moreover, the ratios C;‘*/C,‘* correspond- 
ing to m=12 are larger than those for n~5 and less 
compatible with values of Ci‘* derived from experi- 
mentally investigated barriers of low symmetry, e.g. in 
H.CIC—CClH.2.® 


ELECTROSTATIC THEORY 


According to the electrostatic theory of internal 
potential barrier the coefficients a, of Eq. (4) are made 
up of products of electrical moments,’:*}"9 yu; viz. for a 
neutral molecule 


o n—l 
V*= 3 2, (uh, PYF, p* 
n=3 p=] 
tp’? f, Fd. (18) 


If moments are expressed in esu and d is measured in A, 
multiply by Ne?/A=329.7 to convert into kcal/mole. 
The fn»* are functions of d, r;, r., Bi, By and ¢. By 
placing the origins of the charge distributions in the end 
points of the rotation axis,’ r;=7r,=0, R=d, the frp‘* 
are functions of ¢ and bond angles 6; and 6; only, and 
the Fourier coefficients assume a particularly simple 
form 


C,*=>° q-@v+i+r) i {ps fot Oy Coro Ft, seine 
r=0 s=0 


py etrOy eto Phin ee}, (19) 


where the F’s are the Fourier transforms of the /’s. It is 
to be seen that for v= 1, 2, 3 this series starts with terms 
in d~*, d~* and d~ respectively, and this supports our 
previous choice of a repulsive exponent n~5 and the 
earlier conclusion that the higher C,’s fall off with 
distance more rapidly than the lower ones. At present, 
however, the use of Eq. (19) is severely limited since 
only bond dipole moments nu are known apart from a 
few quadrupole and octupole moments which were ob- 
tained indirectly, by applying the theory to torsional 
barriers of known height, and exhibit considerable dis- 
crepancy with various authors.’:*}” 


FOURIER COEFFICIENTS C;‘* 


Unfortunately a rigorous method of theoretical evalu- 
ation of Fourier coefficients C3;** is not yet available 
although the simple repulsion theory, with n~5 and 


LUFT 


charge origins in the free end atoms gives the right 
order of magnitudes from gas-kinetic data. Thus for 
similar bonds this, or also a plot of C;** vs rir., may be 
used for rough interpolation. According to the electro- 
static theory, with charge origins placed at the end 
points of the central bond d, one has up to and including 
octupole terms »;“ (see reference 8) 
C3*= — (5/8) uu. cos'B; cos*B,/d’, (20) 
i.e. 
C3ik (C3ttCz**) 3, (21) 


and similarly for the heights Vo of threefold barriers 
7’—k’. In a few cases where experimental data are 
available Eq. (21) is satisfied approximately. It also 
follows that lone pair electrons in the end atoms on the 
rotation axis, e.g. on the oxygen atom in H;C—OH, 
make no contributions to threefold barriers if they 
possess s, p or hybridized wave functions, i.e. C3?*=0. 
This has been postulated before’ but then the expansion 
was only carried up to quadrupole terms and no 
hybridization of wavefunctions was considered. 

In the preceding Table III a number of Fourier 
coefficients C;‘* are given from a review of experimental 
threefold barrier heights. These figures may be used for 
calculating unknown and more composite threefold 
barriers. A particularly interesting case is that of 
barriers i®’—rs which possess small overall C3; terms. 
Some estimated heights of barriers of this type, Vo 
=6(C;'*—C3;*), are given in Table IV, where * 
~[Vo/w:] is the total number of excited torsional 
levels, to the harmonic oscillator approximation. The 
estimated barrier of H;C—CO-Cl is so low that Cs terms 
might be important enough to give rise to a threefold 
double minimum barrier. Since v* is so small the actual 
torsional fundamental is expected to be less than w, 
according to the harmonic oscillator approximation. 


BARRIERS OF LOW SYMMETRY, FOURIER 
COEFFICIENTS C,‘* 


The general Fourier coefficients of several important 
barriers of low symmetry are listed in Table V. It is to 
be seen that, apart from cases of internal rotation of two 
trigonal groups (i/,i?) about a central bond, the overall 
coefficients C2 and C, represent differences of individual 
Fourier coefficients and are therefore small. For this 
reason C, and, to a first approximation, also C2 might be 
neglected. This is rather gratifying in view of the fact 
that so far only a few twofold barriers, e.g.,in HO— NO», 
O2N—NOz, have been investigated, from which values 
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(a) C3>0 


Fic. 4. Potential U = C; cos¢+C2 cos2¢ with 4] C2| >Ci>0. 


(b) C3<0 





—_— 


Barrie! 
il —il 
tik —tik 
ikk —iil 
ikk —tk 
ik —il 
ik? —il 
ek —kl 
ik? —kl 
tip — ti, 
ipp —t1 
ipp —t 


————— 


of Ce 
two 

confe 
bond 
With 
resul 
barri 
mole 
indic 
may 
R.E. 
expe! 





ght 
for 
be 
‘TO- 
ond 
ing 


Id 
al 


Wt 
























BARRIERS IN 





INTRAMOLECULAR ROTATION 


TABLE V. Fourier coefficients of low symmetry barriers. 












Barrier Example Ci C2 


Leading 


C3 Cs coefficients 














Cr¥i§ + CU —2C;8t Coit +Col +2Czi! 


Cité +-Ci*t —2Ci%% Cait +Cokk —2Caik 
Cité +-Cikk —2Cy 5% 
Cr8t +Ciktk —2C 6k 


Crt +Cykt —Cyk —Cytt 
Crt +Cykt —Cytk —Cytt 
Cikk —Cykt —Cyik 4Cy 11 
CikFk —Cykt —Cyik +C yt! 
Cit +Cipp —2Ci'P 
Ci* +Cpp —2Ci'P 
Ci¥i+Cipp —2Ci'P 


il —il OHC —CHO 


H2CIC —CH:Cl 
tkk-iik HCle—CH:2Cl 
ikk—ikk = HChC—CHCl: 


#k —il H2CIC —CHO 
ik? —il HClxC —CHO 
#k —kl H:CIC —CC1O 
ik? —kl HCl2C —CCIO 














tik —tik 


Coit +Cokk —2C ik 




















Catt + Copp —2CoiP 


(H2N —NH2) 
(HO —NHz2) 
(HO —OH) 


tip —tip 
ipp —iip 


ipp —ipp Coit +Capp —2C 2! 








— (Cat +Cott —2Cs5*) 





— (Cait —Cokl —Coik +i!) 
Coit —Cokl —Coik +z it 
Cokk +Cokt —Coik —Cyit 
—(C#k+Cokt —Coik —Cil) 





— (C2 +CaPP —2C2'P) 








Ci +Cgtt —2C;it CH + Cut +2Ce! Ci; C2 


4Catt +Cakk +4C gtk Catt +C ak t —2C gk Ci; Cs 
— (2C3*§ +2C3kk +-5C3**) Ci +Cakt —2C a Ci; Cs 
Cat +4C kk +4C gtk Cet +-Cakk —2C agit Ci; Ca 


—2Cs¥i +Cakl —Cyitk $2C¥t — — Cat +o CH*-—CHE C1; (C2) 



























Cat —2C gk! ++-2C ak —C;i! Cet —Ceet —Cgik +C 481 Ci; (C2) 
Cakk —Cakt +2C atk —2C; it CaF + Catt —Cait —Cyit Ci; (C2) 
—2Cakk +2C stb —Cak + Cait = — Cake —Cykh Cyt +Cait = Ci; (C2) 








4C34t Cai Ci; Ce 
—2C;ii Cait Ci; C2 
C3 Cet Ci; C2 











of C2** could be evaluated. Moreover, resonance of the 
two unsaturated rotating groups in il—il seems to 
confer some double bond character upon the central 
bond and thus add a term —C,* to the over-all Co. 
Without this the C; and C, terms, being positive, would 
result in a double-minimum potential (Fig. 4a) for 
barriers iJ—il, etc., whereas the known planarity of 
molecules, e.g. O2N — NOe, ¢6— NO, H2C: CH— CH: CHe 
indicates that —C,* is appreciable. With butadiene it 
may be estimated from the “true resonance energy” 
R.E. ~7 cal/mole ~ 2C2*. On the other hand, known* 
experimental data for the gauche-maximum V,~C, 
—2C.[1+(C,/4C.)?]~5.0 kcal/mole and the energy 
difference between cis-lrans isomers AE~2C,=2.4 
kcal/mole give the over-all C.~ —1.8 kcal/mole, and 
thus Co=C2+C,.7 1.7 kcal/mole. This is reasonable but 
probably not very accurate since C;~0.7 from Table IIT 
and Eq. (21), has been neglected. 

In a similar way it can be shown that the barriers in 
HO—OH and HsN— NH: are double minima (Fig. 4a) 
and that in HO—NHg leads to cis-trans isomerism 
(Fig. 4b). By using the known torsional fundamental for 
H,N—OH, w:~ 430 cm™, and the equilibrium torsional 
angle in HO—OH, ¢,,~ 110°, the approximate assump- 
tion that in the three compounds OH and NH bonds, 
exclusive of lone pairs, are equivalent leads to the 
results given in Table VI. 

If C, and C; are the predominant coefficients then 
again two barrier types may occur depending on whether 
C;=0. Thus usually the types (iik)? and (ikk)* have 
stable trans-configurations and secondary minima in 
gauche-positions, whereas (ikk)(kii) should attain an 
energy minimum when the single substituents on either 
side include a dihedral angle of about 60° (g forms), and 
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(a) C2 >01 (b) Ce Lo: 


Fic. 5. Potential U = C; cos¢+C; cos3¢ with 3|C3| >C,>0. 
























a less stable minimum at 180° (g’ form). This is ex- 
emplified in Table VII by using results of recent! 
calculations on methy] substituted ethanes. The case of 
the corresponding chlorine compounds is analogous. In 
agreement with experiment®”! ClCH2,—CH,Cl, and 
Clk,CH— CHCl, are found to have similar shapes, the 
maximum V; for the latter compound is expected to be 
about 3 kcal/mole higher than for the former one. 
Bernstein’s® data for CICH,— CHCl, however, result in 
coefficients C, for ClhCH—CH2Cl which yield a low- 
energy minimum in g’ position. This is at variance with 
dipole moment determinations!” which seem to suggest 
that AE(g—g’) is sufficiently high to have escaped 
observation, i.e. 23 kcal/mole. For this reason Bern- 
stein’s figures, AE=1.1 and Vi=4.5 kcal/mole for 
CH.Cl—CH.Cl, are supposedly too low as also indicated 
by recent® electron diffraction results. 

The important Fourier coefficients C,** for individual 
bonds are hard to obtain from experimental data since 
low-symmetry barriers have yet been little investigated 


TABLE VI. Ci, C2 barriers. 








Cs3(est.) 
keal/ Ir X10 Ci C2 
Molecule mole gem? kcal/mole k 


H2N —OH —0.5 0.95 2 
HO —OH O25 G75. 2. 
H2N —NH2z 1.0 je = 


AE 
Vi V2 keal/ ws(est.) w:(exp 
al/mole mole cm cm! 
— 44 (430) 430° 
is — 480 ~470> 
28 — 270 360° 











a P, A, Giguere and I. D. Liu, Can. J. Research 30, 948 (1952). 
> P. A. Giguere (private communication). 
¢ D. W. Scott et al, J. Am. Chem. Soc. 71, 2293 (1949). 


Taste VII. Low symmetry barriers with predominant C; and 











C; terms. 
AE (t—g or gg") Vi 
Molecule kcal/mole kcal/mole 

H.CIC—CClHez 1.3 ~6 
HCl,.C— CHCl ~3 >is 
HCl.C— CHCl. ~2 ~%9% 
MeCH.— CH2Me 15 9.1 
MeCH—CH2Me 3.8 8.5 
Me.-CH—CHMe:z | 10.3 











( 2 Aa Thomas and W. G. Gwinn, J. Am. Chem. Soc. 71, 2785 
1949). 

2 A. Turkevich and J. Y. Beach, J. Am. Chem. Soc. 61, 3127 
(1939). 

23 J. Ainsworth and J. Karle, J. Chem. Soc. 20, 425 (1952). 
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and also because the few known C;’s represent always 
differences. To some approximation C,** seems to be 
about 10 to 15 times C;‘* for CH, CF, CCl and CC 
bonds, and this seems to be in agreement with what may 
be expected by applying the simple repulsive barrier 
V=a,R™ with n~5. For double bonds, however, this 
rule does not appear to be valid. 


CONCLUSIONS 


The consideration of Fourier coefficients C, is regarded 
as the basis of a more systematic and general treatment 
of intra-molecular torsional barriers. Coefficients C3 are 
evaluated from known heights of threefold barriers and 
provide a useful means of checking consistency of 
observed barrier heights and predicting magnitudes of 


LUFT 


unknown barriers of threefold symmetry. They are also 
essential in certain barriers of low symmetry, whereas 
coefficients C2 are usually small and unimportant except 
for barriers i/—i/. At the present, sufficient knowledge of 
coefficients C,‘* is lacking and their experimental de- 
termination from suitably selected barriers of low sym- 
metry appears to be of prime importance. In some cases 
C,‘* was found to be 10 to 15 times the value of C;** for 
the same bond in good agreement with deductions from 
the simple repulsive potential V=a,R~" and n~5. 
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The application of simple MO theory in the interpretation of electronic spectra is investigated. Certain 
simple theorems are derived and their applications, particularly with respect to configurational interaction 
in the polyacene series, are discussed. The potentialities and difficulties of this approach are enumerated, 
and it is concluded that the theory should only be used with caution. 


INTRODUCTION 


T has recently been shown how the perimeter model 

of the catacondensed hydrocarbons enables their 
electronic spectra to be classified’ and the principal 
characteristics of these band systems to be rationalized.” 
Whereas it is not difficult to understand why this 
method of handling the unsaturation electrons should 
be successful, it is less obvious to see how it should be 
applied more generally, and in particular to peri- 
condensed systems. It is therefore natural to ask 
whether the now standard procedures of molecular 
orbital theory,’ which are apparently equally well 
suited to the treatment of all alternant hydrocarbons,* 
cannot be applied in this context. 

But the very reasons which contributed to the success 
of the perimeter model are those which have limited the 
use of molecular orbital theory. The perimeters were 
chosen deliberately for four reasons. In the first place, 
recent calculations® had indicated that the cyclic 
polyenes could be represented by particularly simple 


‘J. R. Platt, J. Chem. Phys. 17, 484 (1949). 

2 W. Moffitt, J. Chem. Phys. 22, 320 (1954). 

3 J. E. Lennard-Jones and C. A. Coulson, Trans. Faraday Soc. 
35, 811 (1939). 

4C. A. Coulson, and G. S. Rushbrooke, Proc. Cambridge Phil. 
Soc. 36, 193 (1940). 

5 W. Moffitt and J. Scanlan, Proc. Roy. Soc. (London) A218, 
464 (1953); A220, 530 (1953). 


wave functions, both in their ground and lower excited 
states. Secondly, the effects of configurational inter- 
action (CI) could be understood clearly, at least in 
qualitative terms: the nightmare of “second-order” 
CI’:* was dispelled by viewing the orbital theories from 
an atomic viewpoint.*:.’? Thirdly, although it was evi- 
dent that exceedingly painstaking calculations must be 
undertaken before even the simplest of these systems 
could be handled accurately on a nonempirical basis, 
the qualitative insight gained was sufficient to enable 
one to make fruitful use of the known benzene spectrum: 
it was possible to construct a reasonably well-founded 
semiempirical theory.” Lastly, and perhaps no less im- 
portantly, Platt’s use of the perimeter model in the 
classification of spectra! was so successful that its 
quantitative formulation was a matter of some urgency. 
For these reasons, the perimeter theory was adopted in 
favor of the conventional MO theory. As will appear, 
it is not yet obvious how similar considerations may be 
advanced to justify the use of the latter method. 

In this note, the potentialities, limitations and diffi- 
culties associated with the molecular orbital method 
will be discussed. Closely analogous arguments will, of 


6 Coulson, Craig, and Jacobs, Proc. Roy. Soc. (London) A206, 
297 (1951). 

7W. Moffitt, Proc. Roy. Soc. (London) A210, 245 (1951); 
A218, 486 (1953); Repts. Progr. Phys. Vol. XVII, p. 173 (1954). 
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CONFIGURATIONAL 


necessity, apply also to the free-electron treatment, 
which has recently been shown to resemble closely the 
former method. For our starting point we take the 
orbitals and their energies as these are prescribed by 
the simplest MO theory (see Sec. 1). We then discuss 
the properties of certain electron assignments to these 
orbitals, namely of the ground and lower excited con- 
figurations. For alternant hydrocarbons, certain simple 
results are immediately apparent (See Sec. 2). In the 
subsequent two sections, these results are applied to 
the polyacenes, to benzene, triphenylene and coronene, 
and compared with the observed spectra of these mole- 
cules. Finally, in Sec. 5, the performance of the method 
is critically reviewed and compared with the perimeter 
theory. 


1. MOLECULAR ORBITALS 


As is customary in dealing with conjugated hydro- 
carbons,® electrons are assigned to molecular orbitals 
y; which are linear combinations of supposedly orthog- 
onal atomic 27 orbitals ¢,,: 


Ve=L once”, (1) 


where the expansion coefficients c;”" may be determined 
when the roots of the appropriate secular equation have 
been found. These roots give the orbital energies e: 
in the form 


es=at+h;B, (2) 


where a, 8 are the usual Coulomb and resonance in- 
tegrals, respectively. For a system of 2N conjugated 
atoms, 2N linearly independent molecular orbitals are 
obtained, and with each of these a given value of e:, and 
therefore also of k; is associated. 

An important class of such hydrocarbons has been 
called alternant.‘:? A conjugated molecule of this type 
is said to be alternant if its unsaturated atoms may all 
be assigned to one of two groups, such that no two 
members of the same group are nearest neighbors. The 
members of a particular group are called “starred” 
atoms, when those of the other group are called ‘“un- 
starred.”” The properties of alternant hydrocarbons, 
which account, inter alia, for all condensed systems 
containing only even-membered rings, are peculiarly 
symmetrical and show certain unique features. 

For example, the antibonding orbitals, for which 
k<0, may be constructed immediately whenever the 
bonding orbitals with k>O are known. For simplicity, 
it will be supposed that the known orbitals have been 
chosen as real. Then, corresponding to each y¥; with 
k:>0, namely, 


Ve=DLil dbmee™+ Lo Gmee”™, (3) 


*H. C. Longuet-Higgins, J. Chem. Phys. 18, 265 (1950). 
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we may construct another, 


Ye=)>t Pmeze™—>_° PmCe™, (4) 


m 


for which ky=—k;:<0. In both these formulas, the 
summation >"t is taken only over the starred atoms and 
>-° only over the unstarred atoms. Thus, if V bonding 
orbitals are known, the N antibonding orbitals are 
easily determined. Moreover, the orbital energies are 
symmetrically disposed about the value «=a, corre- 
sponding to a non-bonding orbital, which is generally 
absent. 

Now consider two particular bonding orbitals £, 7 
and the antibonding orbitals ~’, n’ which may be con- 
structed from these, respectively. Then it is evident 
that 

€g — €,= —B(Re+k,) = €y — €, (5) 
and therefore that the energies of excitation corre- 
sponding to the processes (n)~!(t’) and (£)~'(n’) are 
equal. In this approximation, where overlap is neglected, 
it may also be shown that the concomitant dipole 
vectors q are equal. It is only necessary to separate the 
summation over atoms into a summation first over 
starred and then over unstarred atoms: 


ava f verdve= es cemegt { dutbuld 


=(LIF LY (LAt LD )cymcg"tmdms 


m m n 


= > Ce "c."tat+),° co" Ce 
m 


m 


_— >t C£"Cq" Pm — >? oy" Va = yt, 
m 


m 


where r,, is the position vector of the mth atom. 
Again, the charge density associated with an electron 
in either & or &’ is the same; on the mth atom, both are 
equal to (c;”)? when, as we suppose to be the case, 
y: is normalized.‘ 

[It may be anticipated that the degeneracy of the 
excitation processes (n)~'(¢’) and (£)~'(n’), symbolized 
by Eq. (5), will form an important part of the ensuing 
discussion. In order to forestall the objection that the 
use of Eq. (2) neglects overlap, and therefore invalidates 
Eq. (5), it should be mentioned that a defence of our 
present procedure is given in an appendix. | 


2. CONFIGURATIONS 


Let us now consider the assignment of electrons to 
orbitals in those cases where there is no orbital de- 
generacy, and the y; are all real. In general, for an 
alternant hydrocarbon of 2 atoms there will be NV 
bonding and N antibonding orbitals. The ground state 
is therefore described by putting all 2N unsaturation 
electrons, pairwise, into the N available bonding 
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orbitals. Excited states arise from assignments in which 
one or more of the electrons occupy antibonding orbitals. 
It seems reasonable to consider only those configura- 
tions in which one electron is excited. Such excited 
configurations have certain interesting properties for 
alternant hydrocarbons which will now be considered. 

We first recall the theorem‘ that in the ground state 
the electrons are uniformly distributed among the 
carbon atoms, so that the total z-electronic charge 
density is unity at each of these. It follows from the 
preceding section that the same holds for all excited 
configurations obtained by taking an electron from 
any bonding orbital ¢ and putting it into the corre- 
sponding antibonding orbital ¢’, where k;- = —k;. How- 
ever, if the excited electron is allotted to any other 
orbital y’, say, where é, 7’ do not bear this special rela- 
tion one to the other, the associated configuration will 
in general have a nonuniform charge distribution, 
for now (c;™)? is only accidentally equal to (c,’”)?. For 
these latter configurations, therefore, the molecular 
orbital method apparently fails to achieve that measure 
of self-consistency which it automatically attains for 
ground state problems: the assumption of equal Cou- 
lomb integrals a at all carbon atoms does not lead to 
charge densities of unity everywhere. 

On the other hand, such excited configurations 
(€)—(n’) have a special property which is not shared 
by the (¢)—'(é’). Namely, there is always a second 
excited configuration (n)~'(£’) with the same energy— 
at least to this approximation. Before any premature 
conclusions are drawn as to the charge distribution in 
the corresponding excited states, the interactions of at 
least these two degenerate configurations must be taken 
into account. And in order correctly to consider this 
point, antisymmetrized functions must be constructed 
to represent more precisely our electron assignments. 

[It may be remarked that in the simple case of no 
orbital degeneracy, the two degenerate configurations 
have the same symmetry with respect to the molecule’s 
point group: the orbitals £, , ¢, and 7’ will all span 
irreducible representations of this group; if not, they 
would be degenerate. Now let a particular symmetry 
operator ®, say, interchange atoms m and n. If both 
are starred or unstarred, let A=+1; otherwise, let 
A=-—1. Under &@, all four orbitals acquire a factor +1, 
which we shall call «: for ¢, and so on. Then, as a result 
of this symmetry operation, the product &) is multi- 
plied by cge,’, and né’ by cyte. But from Eqs. (3) and (4) 
it is immediately apparent that both factors are equal 
to Arzey. It follows that the two configurations have the 
same symmetry. By exactly similar reasoning, it may 
be seen that configurations (£)~!(£’) and (n)—(n’) also 
transform together under the elements of the point 
group. For the case of degenerate representations 
(vide infra), a more careful but no more difficult an- 
alysis must be undertaken. | 

The correct ground state function is, of course, a 
single determinant of the usual closed shell type, 
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namely, 


Ov= {(2N) }-3 
X det{ +++, ¥e(2N—1)a(2N—1), ¥(2N)8(2N)} 
=|---mie E81, (7) 


say, where we have only explicitly displayed orbital £ 
in the first form, and introduced a convenient abbrevia- 
tion in the second. The unspecified electrons here, as 
in what follows, are assumed to be in completed shells. 
If it is supposed that the molecular orbitals are orthog- 
onal, the function (7) is normalized to unity. Corre- 
sponding to any one-electron excitation, we may always 
form a singlet and a triplet function. We shall restrict 
ourselves to the singlets, since we are primarily in- 
terested in transitions whose oscillator strengths are 
considerably greater than those associated with spin- 
forbidden processes. A typical example is the con- 
figuration (£)~'(n’), whose antisymmetrized_repre- 
sentative is 


1 . 
Os=—{|-- +n’ | + | - + -nim’E|}. (81) 
v2 

Similarly, 


1 : 
Op=—{|---mé’E|+]| -- - HEE}, 


v2 


Gc=—{| 


a ++ -mee’|+|---na8’El}, 


1 - 
Op~-—{ | nn EE| +] Di 0 HEE| }, 


v2 


represent the configurations (n)(é’), (é)~'(é’), and 
(n)—"(n’), respectively. 

Now, as we have seen, 04 and © will have the same 
symmetry, as well as the same energy in the first ap- 
proximation. These configurations will therefore “‘inter- 
act’’ in the sense that the matrix element 


J ©43CO pd V = 2am’ |#2)— (ml), ) 


where, for example,’ 


1 
(nm'| 8’) = J J ba(1y(2)—Ver(De(2)dorde2, (10) 


Ti2 


will not in general vanish. If the interaction of these 
two configurations alone is considered, it is easily seen 
that the degenerate pair splits to form functions 


1 

O07 x«=— 
v2 

® This specific form of the interaction elements holds for the 
usual method of antisymmetrized molecular orbitals, which is 


known to contain serious errors. These errors may be remedied, 
at least in part, by the procedures given in references 5 and 7. 


(Os+9z), (11) 
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respectively. The degeneracy of 04, Oz will not always 
be perfect in higher approximations; nevertheless, it 
may be expected that their separation is sufficiently 
small for Eq. (11) to hold quite accurately. For reasons 
which have been discussed elsewhere,® it is unfortun- 
ately very difficult to assess this splitting quantitatively. 
However, despite the fact that we are not in a position 
to give a sound estimate of the energy separating 0, 
and Ox, we can obtain some insight into the properties 
of these functions on the basis of Eq. (11). 

For simplicity, let us temporarily assume, as is con- 
sistent with simple MO theory, that the configurational 
interaction considered so far (first-order CI) is the only 
kind that need be taken into account. 0; and Ox will 
then represent excited states of the molecule, as will Oc 
and Op. Indeed, all states arising from one-electron 
excitations will be represented by such functions. Now, 
it has already been noted that the charge distribution in 
states Oc and Op is uniform, just as in the ground state 
Qy of any alternant hydrocarbon. It is easily verified 
using Eq. (11) that, although this is patently not true 
for the configurations 04 and Oz, the charge distribu- 
tion in the states that arise from these functions, 
namely ©, and Ox, is also uniform. The charge density 
associated with the mth atom is 


—Hce™)P+H (cy) —Hlea™)P+H(e™)*5 (12) 


by use of Eqs. (3) and (4), the quantity (12) reduces to 
unity. This point is more fully discussed in an appendix. 
(Many-electron excitations may, of course, be handled 
by analogous methods to give the same result.) By 
considering only first-order CI, it is clear that the simple 
molecular orbital theory achieves the same measure of 
self consistency for excited states that it does for ground 
states. This is an important result, since it means that 
the method is formally as well suited to the treatment of 
both excited and ground states of alternant hydro- 
carbons. 

A second result, which is particularly significant in 
the interpretation of spectra, may be obtained con- 
cerning the intensity of transitions from the ground 
state Oy to states O; and Ox. Since we have shown in 
Eq. (6) that the dipole vectors associated with processes 
OvO., Ox are equal, it follows immediately that 
these vectors combine to give, in general, strong dipole 
strengths for transitions ©,—O,. But the purely 
electronic dipole strengths of transitions O,—Ox 
vanish, the component vectors cancelling in this case. 
This is very relevant in the analysis of the weak a bands 
that occur in so many condensed hydrocarbon spectra 
(vide infra). Again, first-order CI plays a role that must 
not be neglected. Instead of two overlapping bands of 
equal intensity (Q,y—@.,Qz), we anticipate two dis- 
tinct, noncoincident band systems, one of which is 
strong and the other very weak (QOy—0,,Ox, re- 
spectively). 

In the following two sections, these considerations 
will be applied to the polyacenes and to certain other 


IN SIMPLE MO THEORY 1823 
molecules. The simplest molecular orbital theory will be 
employed and attention will be paid to the qualitative 
conclusions which may be drawn from first-order con- 
figurational interaction. 


3. POLYACENES 


The molecular orbitals for the polyacenes have been 
discussed systematically by Coulson.” Since molecules 
of this type (e.g., naphthalene, anthracene, and so on) 
belong to the point group Ds,, the orbitals may be 
given systematic names according to their symmetries. 
Following Coulson, we adopt the following simplified 
notation: the orbitals are called P, Q, R, and S; all 
change sign under a reflection in the plane a, say, of 
the molecule. Q and S change sign, whereas P and R are 
left invariant under a reflection in a plane perpendicular 
to o, and containing the shorter axis of the molecule. 
Rand S change sign, whereas P and Q are left invariant 
under a reflection in a plane perpendicular to o, and 
containing the longer axis of the molecule. Thus, excita- 
tions P+'R* and Q*!S*! are polarized (_L) along the 
shorter axis of the molecule, and excitations P+'Q*' 
and R+'S*! are polarized (||) along the longer axis of 
the molecule. Excitations P*'\S*! and Q+'R* are for- 
bidden in dipole radiation fields. In order to distinguish 
orbitals of the same symmetry but of different energy, 
these are assigned subscripts so that, for example, R; 
is always lower in energy than R;,1, and R; is the lowest 
orbital of symmetry R. (The orbitals P, Q, R, and S, 
respectively, span irreducible representations B3., Bog, 
By,, and A, of Ds,.) 

These molecules all contain 2’ = 4v+ 2 carbon atoms, 
where »y is a positive integer. The energies ¢¢ of the 
molecular orbitals are given by Eq. (2) where the k; 
have the following values :" 


mar 
k=+1, A=4} 14/(o+8 cos) } 
v+1 


(m=1, aie v), 


of which the highest value of k, corresponding to the 
most stable of these orbitals, belongs to the orbital P; 
and, thereafter, the associated orbitals are alternately 
Q and P, in order of increasing energy. Also, 


mr 
k=—1, k=4} ~144|(9+8 cos.) } 
v+1 


(m=1, te v), 


of which the highest value of k, corresponding to the 
most stable of these orbitals, belongs to the orbital R; 
and, thereafter, the associated orbitals are alternately 
S and R, in order of increasing energy. 

It is easily verified that bonding orbitals P, Q, R, S, 
have as their antibonding counterparts orbitals of 


10 C, A. Coulson, Proc. Phys. Soc. (London) 60, 257 (1948). 
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symmetry R, S, P, Q, respectively, where this corre- 
spondence is made on the basis of Eqs. (3) and (4). 
That is, whenever there is an orbital of symmetry P 
with a given energy e=a+A@, then there is always an 
orbital of symmetry R with energy e=a—k§, and so on. 

It is convenient to discuss the excited states of the 
polyacenes according to their various symmetries. 
Consider first those excited states which transform like 
translations along the longer axis of the molecule 
(‘B,,). If, as we suppose to be the case, they arise from 
one-electron excitations, they can only be associated 
with the processes P+'Q*!, R+!S*!, Now neither of the 
orbital pairs P and Q nor R and S are related in the 
sense of Eqs. (3) and (4). Thus, for every configuration 
P+'O*! (or €'y’), there is another of equal energy, 
namely S*'R*! (or 4’), and these are represented, 
respectively, by functions like (8,) and (82). They 
therefore split to form states like O, and Ox of Eq. (11). 
Thus, if only first-order CI is considered, all excited 
states of symmetry 'B,,—the upper states of the parallel 
bands in the polyacenes—occur in pairs. A transition 
from the ground state (Qy) to one of these (Q,) is 
associated with an appreciable oscillator strength, 
whereas bands corresponding to a transition to the 
other (Qx) should be very weak indeed. These conclu- 
sions follow immediately from the considerations of the 
preceding section. 

It is very tempting, on this basis, to make an im- 
mediate identification of certain band systems in the 
polyacene series. Prominent in the spectra of these 
molecules are two transitions, one very strong and the 
other very weak. (The latter are only seen when not 
overlapped by a stronger system to be described later.) 
The former are Clar’s 8 bands" which Platt calls 
14—»'B,,''" and the latter are Clar’s a bands, which 
Platt calls '4A—'ZL,. The 8 bands occur at the shorter 
wavelengths and increase in intensity as one goes from 
naphthalene to the higher polyacenes. The a bands, 
which are seen in naphthalene, but obscured in anthra- 
cene and naphthacene, reappear in pentacene; their 
presence is also inferred, as may their location be esti- 
mated, from their appearance in isomers of anthracene 
and naphthacene.!”:"' These a bands are uniformly 
very weak. Both Platt! and the present author? have 
attributed these transitions to parallel polarizations. 

Let us, therefore, make the provisional assumption 
that the lowest O,, Ox pair of appropriate symmetry 
is to be identified with the upper states of the 6 and 
a bands, respectively. Failing an accurate means of 
assessing the separation of these two states, we may 
apply the formula (2) to calculate the mean excitation 
energy of these two states, namely (5). This may then 
be compared with the observed mean of the a- and 
8-band absorption energies. 

Such a comparison is made in Fig. 1. It will easily 


FE. Clar, Aromatische Kohlenwasserstoffe (Julius Springer, 
Berlin, first edition 1941, second eidtion 1952). 
12H. B. Klevens and J. R. Platt, J. Chem. Phys. 17, 470 (1949). 
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be seen that the specific excitation processes are 
Sw2zRo+2)2 and P4292 "Oo42)/2 for even values of 
vy and Reyne *Sopy2, aNd Qo4i/2*Pw+sy/2 for odd 
values of v; the associated energies are given by 


418] | J (9-8 eo )-+1 . 


The resonance integral (8) is set equal to — 24 000 cm—; 
this value is derived from the known benzene spectrum 
(vide infra). The full line represents the behavior of the 
observed mean, and the broken line that predicted on 
the above assumption. Additional pairs of levels with 
this symmetry are fairly far removed from the ones 
which are shown (e.g., some 15000 cm™ above the 
indicated pentacene pair, and farther removed for the 
others). The agreement between the calculated and 
observed curves is amazingly good, indeed well nigh 
perfect. 

But the method, without elaborate extensions, does 
not enable us to predict the magnitude of the splitting 
of these degenerate configurations—that is, the energy 
separating the upper state of the a from the upper 
state of the 8 bands. For naphthalene this splitting 
(or rather the observed separation of the a and 8 bands) 
amounts to some 13 000 cm™, and for pentacene it is 
about 9000 cm™.” Matrix elements of the type (9) 
are easy to write down, but there is little assurance that 
they may be estimated with sufficient accuracy to merit 
the effort. The few calculations of this sort which have 
been made" are not encouraging, particularly in view 
of the indifferent results they achieve for simpler sys- 
tems like ethylene and oxygen. Those methods that are 
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13 J. Jacobs, Proc. Phys. Soc. (London) 62, 710 (1949). 
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most reliable for the simple molecules®.’? cannot be ap- 
plied here without a great deal of labor or some drastic 
approximations. We must be content with the quantita- 
tive correlation of Fig. 1, and the qualitative description 
of the very different a- and §-band systems offered by 
the simple molecular orbital theory. 

It is in this connection particularly that the perim- 
eter theory? is more powerful. The polarization at- 
tributed to the a- and 8-band systems is the same, and 
their mean excitation energy is estimated with com- 
parable accuracy. However, since the matrix elements 
representing the splitting of these two levels were of a 
much higher symmetry (for the ¥;’s employed, each 
c:™ had the same modulus of (4v+-2)}), it was possible 
to recognize the drift in these as the number of rings 
was increased. In this way it was possible to exploit a 
simple but adequate proportionality assumption in 
conjunction with the known benzene spectrum. It 
would be possible in the MO theory used in this note 
to suppose also that the splitting of the two con- 
figurations was proportional to their separation from 
the ground state. And excellent agreement would be 
obtained with the experimental results in this way. 
But unless this supposition were to be supported by an 
elaborate, and probably not very trustworthy analysis 
of the relevant MO’s and matrix elements, it would 
lack any theoretical justification. 

We proceed to consider excited states of symmetry 
'By,, transitions to which from the ground state are 
perpendicularly polarized. These may arise from one- 
electron excitations of the type P+'!R*! or Q*'S*!. Let 
us first consider the process requiring the least energy, 
in which an electron is removed from the bonding 
orbital of greatest energy and assigned to the anti- 
bonding orbital of least energy. The former orbital 
is easily seen to be S,/2 when v is even and Ro+1)/2 when 
v is odd; the latter is either Q+2)/2 or P43) under 
these circumstances, respectively. It is clear that the 
resultant excited configurations, of least energy, are of 
the type &"£’ in both events. When + is even, Q+2)/2 is 
the antibonding counterpart of S,/2, and when » is odd, 
Po4sy2 is the antibonding counterpart of Ro+1);2, 
both correspondences being in the sense of Eqs. (3) 
and (4). In general, therefore, the configurations asso- 
ciated with the upper states of the “longest wave- 
length” absorptions are nondegenerate configurations 
like O¢ of Eq. (83). Their energies of excitation are 
given in terms of the resonance integral by the quantity 


al (0-80 )-} 


Again, there is an obvious series of bands in the poly- 
acene spectra with which these predicted, perpendicular 
transitions may be associated. 

In addition to the a and 6 bands, another series of 
bands is observed in these molecules. Whereas the a 
bands are very weak, and the 8 bands are very strong, 
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these other bands are of only moderate intensity, and 
are called p bands." (Platt!!? calls them 'A—'Z,.) 
Apart from naphthalene, where these lie slightly above 
the a bands," the p bands constitute the longest wave- 
length systems in the polyacene series. (This is not true 
for isomers of the polyacenes. In these, the a and 8 bands 
are insensitive to the isomerism, whereas the p bands 
move sharply, and characteristically, to shorter wave- 
lengths.?) Coulson” first identified these systems in 
terms of a perpendicular transition 'A1,—'Be,, ascrib- 
ing to them exactly the same excitation mechanism 
that we have given above. Since his method of calcu- 
lating excitation energies was slightly different from 
ours (see appendix), we compare the predicted with the 
observed location of the p bands in Fig. 2; as before, 8 
was set equal to — 24 000 cm™. 

The agreement is by no means as good as for the 
mean of the a and 8 bands. Also, as Coulson has shown, 
the predicted intensities are too high by a factor of 10. 
Moreover, the oscillator strengths of these p bands are 
observed to remain sensibly constant for all four 
molecules, but they are predicted to decrease by a 
factor of 2 on going from naphthalene to pentacene. 
Now, although it is known that MO intensities are al- 
ways too high, the results for benzene and ethylene are 
only too large by a factor of 3 or so. The magnitude of 
the discrepancy in the case of the p bands is therefore 
considered to be significant, even within an MO frame- 
work ; its possible implications are discussed later. The 
perimeter theory’ is a definite improvement on the MO 
theory in this case also. 

There is another disturbing feature of the MO 


1M. Kasha and R. V. Nauman, J. Chem. Phys. 17, 516 (1949). 
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theory in these instances. In pentacene, for example, 
one would expect three excited states of symmetry 
'Bo, (namely, R3'Ps, SiO, Ro“! P4), which are located 
just where the mean of the upper states of the a and 8 
bands lie. The intrusion of these levels receives no 
support from the observed spectrum of pentacene.” 
Admittedly they would interact, perhaps even quite 
strongly, among themselves. But one would expect to 
observe at very least one of them to longer wavelengths 
than the a bands. Again, the interpretation of the very 
weak a bands is not unambiguous in the MO method. 
Some of these could also be explained, though not very 
satisfactorily, as due to symmetry forbidden transitions 
(1A,,-—>'B;, or 'A,,). Already in anthracene, for ex- 
ample, the mean of the a and 6 bands coincides with the 
degenerate pair of configurations S;"'P;, R:Q;. (No 
such difficulties are encountered in the perimeter 
theory.) Under isomerization, and consquent loss of 
symmetry, assignments become even more equivocal. 
Moreover, it becomes difficult to establish generic 
relations among the band systems, despite the fact 
that such correspondences are perhaps the most striking 
features of the spectra of cata-condensed molecules.” 


4. BENZENE 


Now the configurational degeneracy which has been 
discussed in the preceding sections is really only ‘“‘acci- 
dental.” That is, it is a peculiar property of alternant 
hydrocarbons when treated by means of a simple ap- 
proximation. And although it may be anticipated that 
its effects are qualitatively correct in higher approxima- 
tions, the degeneracy is in no sense dictated by the 
symmetry of the molecules. However, the analysis of 
configurational interaction is sufficiently important in 
the interpretation of spectra,!° that it is as well to con- 
sider also the case of essential degeneracy, which arises 
so clearly in the benzene molecule. 

This particular system has been studied quantita- 
tively by many authors,?*:'*!7 most of whom use 
complex molecular orbitals. The most stable, and the 
most highly excited MO’s are nondegenerate and have 
energy a+28, respectively; they do not concern us 
here. In addition to these, there are two pairs of de- 
generate orbitals of energy at. The bonding pair are 
generally written as complex conjugates one of the 
other: 


1 
Yu= 6 (do +1 +w"h2+ wd; +w'ost+w'ds), 


Yii=Vv41", o= exp(27i/6). 








16 See J. R. Platt, J. Chem. Phys. 18, 1168 (1950), where this 
importance is stressed for “round-field”’ spectra. 

16 M. Goeppert-Mayer and A. L. Sklar, J. Chem. Phys. 6, 645 
(1938). 

1 Parr, Craig, and Ross, J. Chem. Phys. 18, 1561 (1950). 
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The antibonding pair are similarly expressed : 


1 
Yi2= lalate ieee at 


1 
a (do+w'ditw'b2+o3+w'dstw'ds). 
Vv 


Y-2 


In this form, the orbitals are eigenfunctions of the 
operator representing a rotation of 2/3 about the six- 
fold axis; they span irreducible representations £,,, 
E2,, respectively, of the appropriate point group Dg,. 
In order to facilitate the comparison with our previous 
analysis, it is convenient linearly to combine these to 
form real orbitals with the same energies. 


1 
R=/2Rl)4.1:= ——(260+-1— $2—263—4+¢5), 
2/3 
Q=V/2Imyp+41=3(b1+-¢2—¢4— $5), 


1 
P=/2RW42=— (260— o1— 2+ 263— b1— $5), 
2/3 


S= —/ lI mp42=}(—oito2—Gs+s). 


R, Q have energy a+, and P, S have energy a—§. 
The notation has been chosen (vide infra) with respect 
to the lower group D»,, under which the polyacenes 
transform; thus only R and S change sign under a 
reflection in the plane perpendicular to that of the mole- 
cule and bisecting bonds 1-2 and 4-5, whereas only 
Q and S change sign under a reflection in the plane 
perpendicular to that of the molecule and containing 
atoms labelled 0 and 3. 

In the ground state, the last four electrons are as- 
signed to orbitals R and Q. However, there are four 
possible ways of exciting one electron from a highest 
bonding to a lowest antibonding orbital: R-'UP, Q"'S, 
both of which are of the type €'é’, and RS, Q°'P, 
which form a degenerate &'y’, n't’ pair. We see that 
they correspond to the configurational functions Oc, Op 
and ©4, Oz, respectively. As was seen in Sec. 2, the 
latter pair split to form functions 


1 





1 
Oy= (O1+90z), Oy=—(O4—Oz). 
/2 


/2 


(In this particular connection, it is convenient to re- 
place Oy, Ox of Eq. (11) by Oy, Oy?.) However, owing 
to the additional degeneracy of Oc and Op, which was 
not encountered before, these two configurations also 
split to form functions 


1 1 
(Oct+QOp), Ouv= (Oc— @p). 
4/2 4/2 








Ox= 


(With respect to the lower group, D»,, both O¢ and 
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have the same symmetry which is different from that of 
the O14, Ox pair.) Moreover, it is easy to show in this 
case that qz-:=Q,’,, So that the dipole vector associated 
with an excitation ©y—@Ovy vanishes, whereas these 
component vectors add to give a considerable resultant 
for an excitation Q,—Ox. Without appealing to the 
full symmetry of the molecule, or going to a higher 
approximation, the benzene spectrum would be de- 
scribed qualitatively as follows: two intense band 
systems, Oy—Ox and Oy—Oy, of excitation energies 
2\8|++y and 2|8|+46, respectively, polarized in two 
mutually perpendicular directions, accompanied by two 
very weak systems, Oy—Ovy and Oy—0Oy, with ex- 
citation energies 2|8|—-y and 2|8|—6 and the same 
respective polarizations as the strong systems. 

This result is, of course, incorrect.!® Functions Ox 
and @y span the irreducible, two-dimensional repre- 
sentation '£,, of the full group De,, whereas Oy and 
Qy are of symmetries 'B,, and ‘Bo, respectively. The 
spectrum consists of an intense absorption 'A,,—>'£,, 
together with successively weaker systems at succes- 
sively longer wavelengths, 'A;,—>'B,, and 'Aig—'B2,; 
the latter transitions are electronically forbidden. 
The mean of the excitation energies for these processes 
is around 48 000 cm, which is the reason for adopting 
the value B= — 24 000 cm“ in the. preceding section. 

Some of the weaknesses of our considerations in 
earlier paragraphs are nicely brought out by this 
analysis. Just because two configurations have the 
same energy in a simple approximation, they may have 
considerably different energies in a high approximation. 
Or, equivalently, if two configurations are assigned the 
same energy by simple MO theory, their splitting is not 
always symmetrical. For if this were not the case, the 
separation |5—~y| between the 'B;, and 'By, states in 
benzene (some 10000 cm) would dictate this same 
separation between the two essentially degenerate com- 
ponents of the 'A,, state. We can see that the good 
agreement attained for the mean of the a- and $-band 
locations of the polyacenes (Fig. 1) is in part illusory. 
Again, the magnitude of the splitting due to configura- 
tional interaction is quite large. In molecules of low 
symmetry, therefore, where configurations of the same 
symmetry are not widely separated in energy, the inter- 
action pattern may well be complicated and disturb 
considerably the results of a simple orbital method, 
such as that used above to describe the polyacenes. 
The distinction between first-order CI, that is, between 
configurations of the same energy, and second-order CI, 
which occurs between configurations of considerably 
different energies, is broken down. The advantages of 
the perimeter approach are once more clearly apparent ; 
maximum use of symmetry is made, so that this dis- 
tinction never fails. 

Other molecules exhibiting configurational interac- 
tion owing to the presence of doubly degenerate orbitals, 
analogous to those in benzene, are triphenylene and 
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coronene.'® Utilizing their full symmetry, it is easy to 
show that also in each of these molecules there should 
be one intense system of absorption, with a doubly 
degenerate upper state, together with two weak systems, 
associated with electronically forbidden transitions. 
And their observed spectra do indeed show the expected 
characteristics.!:!> On the basis of 8= — 24 000 cm™, the 
calculated means of these levels are ~33 000 cm™ for 
triphenylene and ~26 000 cm™ for coronene, which are 
in reasonably good agreement with the empirically 
determined figures of ~35 000 cm and ~29 000 cm™, 


respectively. 
5. DISCUSSION 


It was shown in the first two sections that the simple 
MO theory attains the same degree of self-consistency 
for the excited states of alternant hydrocarbons that 
it does for their ground states. This result has sig- 
nificant implications in the interpretation of spectra 
which were investigated in the ensuring sections. In 
conclusion, we shall attempt to summarize what we 
consider to be the more important weaknesses in- 
herent in the method. 

As was pointed out some years ago,” perhaps the 
most obvious shortcoming of the conventional MO 
theory lies in the inflexibility of its secular equations. 
These determine the individual molecular orbitals with 
no reference to the manner in which they are sub- 
sequently to be occupied. In hydrocarbons, such as 
azulene, charge is allowed to accumulate at particular 
atoms, no provision is made for the consequent modi- 
fication of the assumed (uniform) Hartree-Fock field, 
and as a result dipole moments of unreasonable size 
are predicted. Even for alternant hydrocarbons, the 
measure of self-consistency the method automatically 
assumes, is by no means a guarantee that the best MO’s 
are determined. These are only to be obtained by the 
use of considerably more elaborate techniques.” 
Certain disagreements in the predicted and observed 
intensities of transitions (e.g., the p bands of Sec. 3) 
may well be ascribed to bad MO’s. For this reason, 
also, the significance to be attached to the parameters a 
and 8 of the simple theory is in considerable doubt. 
(Pople* has just published a paper in which this point 
is nicely illustrated by means of certain drastic but 
illuminating approximations.) It may be noticed, how- 
ever, that the molecular orbitals for the cyclic polyenes, 
which form the basis of the perimeter theory, are de- 
termined by symmetry alone, and therefore do not 
suffer from this drawback. 


18 W. Moffitt and C. A. Coulson, Proc. Phys. Soc. (London) 60, 
309 (1948). 
19 W. Moffitt, Proc. Roy. Soc. (London) A196, 510 (1949). 
( 20G. W. Wheland and D. E. Mann, J. Chem. Phys. 17, 264 
1949). 
21 J. E. Lennard-Jones, Proc. Roy. Soc. (London) A198, 1, 14 
1949). 
2 C.C. J. Roothaan, Revs. Modern Phys., 23, 61 (1951). 
% J. A. Pople, Trans. Faraday Soc. 49, 1375 (1953). 
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In order to analyze the importance of configurational 
interaction, it is advisable to work with good molecular 
orbitals. Consider, for example, a two-electron system 
described by means of a single, rather poor molecular 
orbital ¢. In general, it is possible to represent the best 
molecular orbital for this purpose, ¢ say, in the form 


¢=£ cos6+7 sind, 


where @ is a parameter of mixing and 7 another orbital. 
Then the best single configuration representing the 
state of the two electrons is 


O= |£F| =cos’#| EE] +3 sin20{ | &| + |nE|}+sin0|n7]. 


The original configurational function | ££] may be im- 
proved by combining it linearly with other configura- 
tions. That is, configurational interaction may simply 
effect a transformation to best MO’s. By starting with 
¢, instead of — and n, however, this type of CI is seen 
to be redundant. 

But, quite apart from this trivial form, configura- 
tional interaction can be important in various other 
ways. For example, if one adheres strictly to the ASMO 
program, it stabilizes even the ground state of a mole- 
cule as simple as ethylene to the extent of some 10 000 
cm, This arises from the “second-order” interaction 
between the ground and most highly excited configura- 
tions, (b3.)? and (b2,)?, respectively.® It is sufficiently 
drastic to jeopardize the whole utility of the molecular 
orbital approach. Fortunately this adherence is not 
necessary. For by referring the underlying physical 
theory not to a specifically orbital approximation, but 
to the method of atoms in molecules,®.’ it can be shown 
that second-order CI is negligible at least for certain 
simple systems, including ethylene, the allyl radical 
and benzene. And there is every reason to suppose 
that this would also be the case for the cyclic polyenes. 
However, this has not yet been established for other 
molecules such as the polyenes and the polyacenes. 
With the best choice for the orbitals, it is probable 
that the ground states may be well represented by a 
single configuration. But our experience of the pre- 
ceding sections shows that configurational interaction 
will be of first importance in the excited states. Whether 
it will turn out that it is possible reasonably to differen- 
tiate first-order CI, between no more than two or so 
configurations of much the same energy, from second- 
order CI, due to “high-frequency” terms, is also not 
clear. It certainly seems possible to do this for the 
cyclic polyenes. 

What is most urgently needed is an approximate, 
though reliable, method of determining the best 
molecular orbitals, and of assessing configurational 
interaction quantitatively for relatively large systems. 
And it appears that this must stem from the funda- 
mental equations of the method of atoms in molecules,’ 
rather than from those of antisymmetrized molecular 
orbital theory.” A set of simplifications must be 
chosen judiciously so as to render these equations more 
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tractable—and in this connection the work of Pople” 
may provide valuable clues. The work of Pariser and 
Parr™ is an important step in this direction. It grafts 
certain features of Kimball’s hard sphere approximation 
onto the conventional ASMO formalism. The solution 
of problems is thereby greatly facilitated. Unfor- 
tunately, it was found necessary to replace some terms 
by semi-empirical parameters, and this serves to obscure 
somewhat the underlying physical basis of their 
approach. 

Until such a time, however, the use of standard 
molecular orbital theory in the interpretation of spectra 
must not be undertaken uncritically. Indeed, it seems 
more profitable to construct theories, such as the 
perimeter theory, which are based on simple systems 
that are fairly well understood, in conjunction with 
suitably selected perturbation techniques. 


APPENDIX 


There are two points which it is as well to consider in 
further detail. One concerns the neglect of overlap in 
the assessment of orbital energies and the other relates 
to the charge densities associated with carbon atoms in 
molecular states that cannot be represented by a 
single determinant. 

Wheland* has shown that it is possible to include 
overlap in the simple MO theory without in any way 
complicating the calculations demanded by the usual 
secular equations.* For the orbital energies he obtained 
the formula 


é=atmy, y=a—SB, 


which certain authors’! use in preference to the for- 
mula (2). The parameter m; is related to the parameter 
k:, which is determined by the secular equations with 
neglect of overlap, by 


m;=k;/(1+k;S), 


where SS is the overlap integral (= 1/4). In view of the 
uncertain interpretation of the parameters a, 6 and 
therefore also y, it seems preferable to use that pre- 
scription for the orbital energies which most nearly 
reflects the results of more accurate calculations. (Un- 
fortunately, it is impossible to amass sufficient experi- 
mental data which have a direct bearing on this ques- 
tion.) Such a comparison is made in the accompanying 
table using the most recent calculations on the allyl 
radical,’ the hypothetical planar molecule cyclo- 
butadiene and the benzene molecule;® the designation 
of transitions is taken from the relevant articles. Only 
one-electron excitations from the ground configurations 
are considered and in those cases where the upper con- 
figurations are degenerate, a suitable mean is listed. 
After a description of the transitions, the calculated 
excitation energies are given in electron volts, followed 
by the predictions of the simpler formulas which are 


2% R. Pariser and R. Parr, J. Chem. Phys. 21, 466, 767 (1953). 
2 G. W. Wheland, J. Am. Chem. Soc. 63, 2025 (1941). 



















Cy 


Be! 


shown 
Table | 
sponde 
tions | 
better 
calcula 
value « 
the res 
the ba: 
and al 
benzen 
tances 
to eac 
which 
observ 

Fina 
state v 


of conf 
deter 


The sy 
the pr 
whose 
electro 
a simil 
notatic 
It will 
norma! 
“volun 
given | 








le28 
and 
afts 
‘ion 
‘ion 
for- 
rms 
‘ure 
neir 


ard 
‘tra 
ms 
the 
ms 
rith 


rin 
) in 
ites 
s in 
pa 


ude 
vay 
sual 
ned 


for- 
‘ter 
rith 


the 
und 
re- 
rly 
Un- 
eri- 
1es- 
ing 
lly! 
clo- 
jon 
nly 
ons 








CONFIGURATIONAL INTERACTION 


TABLE I. One-electron excitation energies. 











Allyl radical eV Ak Am 
od ed SoA 4.6 1.41 2.19 
xe 4.7 1.41 1.04 
Kur 7.8 2.83 3.23 
Cyclobutadiene 
0712-0 13 6.3 2.00 1.33 
O71 2 5.8 2.00 4.00 
O 122 11.1 4.00 5.33 
Benzene 
0714-07132 5.9 2.00 2.13 
07133 10.2 3.00 4.80 
O 142 7.9 3.00 2.66 
O 143 13.9 4.00 5.33 








shown as multiples of 8 and of y, respectively. (See 
Table I.) It will be noticed that by far the better corre- 
spondence is attained with the more accurate calcula- 
tions by the simple formula (2). Apparently, it is 
better to neglect overlap than to include it in such simple 
calculations. It may also be remarked that the average 
value of 8 (weighted in such a manner as to recognize 
the respective degeneracies of the excitations) given on 
the basis of these calculations is 2.9 for the allyl radical 
and also for cyclobutadiene, whereas it is 3.1 ev for 
benzene. (In the calculations, the carbon-carbon dis- 
tances were all taken to be 1.39A.) These are very close 
to each other and to the value of just under 3.0 ev 
which was taken for 8 in Sec. 3 on the basis of the 
observed benzene spectrum. 

Finally, we consider the electron distribution in a 
state which is represented by a superposition 


Qx=>> OxTxx 
x 


of configurational functions ©x, each of which is a single 
determinant of the type 


Ox=det{x,(1), 7 ae x;(i), ee %n(n)}. 


The symbol x;(7), for example, is taken to represent 
the product of an orbital y; and of a spin function 
whose arguments are the space and spin coordinates of 
electron 7. Another configuration Oy is represented by 
a similar determinantal array of functions y,(/) in this 
notation, where x; and y; may or may not be identical. 
It will be supposed that the orbitals are all ortho- 
normal. The probability of finding an electron in the 
“volume” element dr;, another in dre and so on, is 
given by 
pxd7\dT2:+-dtn, 
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where dz contains both space and spin coordinates and 


px= D Txx*TyxOx*Oy. 
x Y 

Now the probability of finding just one electron in any 
prescribed volume element, irrespective of the other 
(n—1) electrons, is found by integrating over the space 
and spin coordinates of the latter and by remembering 
that these are all identical. The appropriate probability 
density is therefore 


(1) fof ondras--dr, 


={(n—1)}}7 DD Txx*Tyx 
xX ¥ 


x ff Ox*Oydre---drn. 


Now let us consider the coefficient Dxy say, of Txx*Tyx 
in this expression. We may distinguish three cases. 
First, if for more than one y, an identical counterpart 
cannot be found from among the x,—that is, the rele- 
vant configurations differ in the spin and orbital assign- 
ment of more than one electron—it is easy to show that 
Dxy vanishes identically. Next, and this is of course 
a well-known result for closed shell structures, 


Dxx= xi*(1)a;(1). 


And finally, let Ox, Oy differ in the assignment of only 
one electron. Then if x, is that function in Ox which 
has no counterpart among the y; and if y, is that func- 
tion in Oy which has no counterpart among the x;, 


Dxy= px,*(1)y.(1), 


where p=+1: p=+1 if the sequence {71, ---, ya} can 
be rearranged by means of an even permutation so as to 
duplicate the sequence {x;, ---, x,}, with y, in place of 
x,, and p=—1 if this is accomplished by means of an 
odd permutation. We see immediately that the result 
of superposing two configurations which differ in the 
assignment of more than one electron leads simply to a 
superposition of their respective electron densities. 
(These were the only cases explicitly considered above. 
A verification of the statements made in Sec. 2 is now 
obvious.) If, however, configurations differ in the 
assignment of only one electron, we notice that an 
interference effect may occur. We had occasion to con- 
sider this case for an excited state of the azulene mole- 
cule, as described by the perimeter method.? 
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The partial molal volumes of benzene, methane, ethane and propane in water solution have been deter- 
mined at temperatures ranging from 10-40°C. All the volumes measured were less than those of the same 
hydrocarbons in nonpolar solvents. This decrease in volume is explained in terms of the abnormally high 
internal pressure of water, which decreases the free volume available to the hydrocarbon molecules. The 
temperature dependence of the partial molal volumes of the aliphatic hydrocarbons differs sharply from 
that of benzene. It is suggested that this is caused by a difference in solution structure in the two cases. 





INTRODUCTION 


HE thermodynamics of aqueous solutions of 
hydrocarbons have been investigated in this 
laboratory during the past several years. Claussen and 
Polglase! determined the solubilities, heats of solution, 
and entropies of solution of methane, ethane, propane 
and butane in water. Bohon and Claussen? carried out 
a similar study for the aromatic hydrocarbons. 

It has long been known that the lower aliphatic 
hydrocarbons form solid hydrates. Structures of the 
clathrate type have been proposed for these hydrates,* 
and verified by x-ray diffraction studies,*® (see urea 
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Fic. 1. Copper block (vertical section). 


* This paper is based on a thesis presented by the author in 
partial fulfillment of the requirements for the Ph.D. degree at 
the University of Illinois, June, 1952. 

1W. F. Claussen and M. F. Polglase, J. Am. Chem. Soc. 74, 
4817 (1952). 

( 2 ~agg Bohon and W. F. Claussen, J. Am. Chem. Soc. 73, 1571 
1951). 

3’ W. F. Claussen, J. Chem. Phys. 19, 259, 662, 1425 (1951). 

4R. Cole, Ph.D. thesis, University of Illinois (1951). 

5M. V. Stackelberg, Naturwiss. 36, 327, 359 (1949). 
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clathrates).6 These ice-like structures contain voids 
large enough to accommodate hydrocarbon molecules. 
Such structures must exist in solution as well as in the 
solid phase. One may then picture hydrocarbon mole- 
cules in solution as being surrounded by oriented cages 
of water molecules. Claussen and Polglase! used this 
concept to explain the negative enthalpies and entropies 
of solution of the aliphatic hydrocarbons. 

No hydrates of the aromatic hydrocarbons have ever 
been reported, presumably because these molecules are 
too large to fit into the voids in the hydrate structures. 
It has been found possible to explain the thermo- 
dynamics of aqueous solutions of the aromatic hydro- 
carbons without assuming the presence of structures of 
the type described above. 

It is of interest to determine whether the partial 
molal volumes of hydrocarbons in water solution agree 
with this model of their solution structures. The partial 
molal volume V in these extremely dilute solutions was 
found to be identical with the apparent molal volume . 
The latter can be determined from the specific gravities 
and concentrations of the hydrocarbon solutions by the 
following equation: 


y= (1—d ‘dy—y/do)M2/y, (1) 


where M.=molecular weight of hydrocarbon, y=con- 
centration of hydrocarbon in g/cc, and d, do= densities 
of solution and pure water, respectively, at the tem- 
perature at which y is measured. 

Since the solubilities of the hydrocarbons are ex- 
tremely small (benzene, 1.70X10-* g/cc; methane, 
2.30 10-* g/cc), an extremely sensitive method must 
be chosen for the determination of the specific gravities. 
Such a method should give results accurate to about 
seven decimal places. 

Several methods are available for the determination 
of specific gravities of extremely dilute solutions. 
Various modifications of the float method have been 
described in the literature. They suffer from the common 
problem of temperature control. A procedure in which 
the solution and reference liquid were compared simul- 
taneously would obviously reduce this difficulty. Such 


6 F. Cramer, Angew. Chem. 64, 437 (1952). 
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PARTIAL MOLAL 
a method is that of Frivold’ which utilizes the principle 
of communicating tubes. 

In this method, solution and reference liquid (air- 
free conductivity water) are placed in two vertical tubes 
connected at the bottom and near the top by valves. 
Upon first allowing the upper valves to be opened for 
equilibration and then opening the lower valves, flow 
will occur if the solution differs from the reference liquid 
in specific gravity. Wirth, Thompson, and Utterback® 
measured indirectly the drop of the liquid level in one 
of the tubes as a result of this flow. An alternative 
procedure is to measure the volume of liquid which 
must be withdrawn from one side of the apparatus to 
prevent flow. This volume is simply related to the 
specific gravity of the solution by the equation 


V/ah =1— d/do, (2) 


where V = volume of water withdrawn to achieve equi- 
librium, a=cross sectional area of the liquid surfaces in 
the tubes, h=distance between the upper and lower 
valves, and d/dy=specific gravity of the solution. 


EXPERIMENTAL 
A. The Copper Block Specific Gravity Apparatus 


It was found necessary to construct the apparatus 
out of copper so as to allow for the rapid equilibration 
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of any temperature difference between the two tubes. 
An accuracy of one part in ten million in specific 
gravity requires temperature control accurate to 
+0.0001°C, which is difficult to achieve in a glass 
apparatus. The dimensions of the apparatus are indi- 
cated in Fig. 1. 

The copper block was enclosed in a wooden insulating 
chamber which formed an air bath. Attached to the 
inside of each of the walls of the chamber was a hollow 
steel tank one inch thick. By circulating water from a 
refrigeration bath through these tanks, experiments 
could be made at temperatures as low as 5°C. A re- 
sistance coil inserted inside the chamber permitted 
operating temperatures up to 50°C. The temperature of 
the air bath could be maintained to within +0.01°C 
while the high thermal conductivity of the copper block 
itself insured that the temperatures of the two columns 
of liquid would be equal within +0.00001°C. The 
copper surfaces of the block were lined with tin to 
prevent corrosion. 

In order to detect flow of liquid through the lower 
Valves, a glass capillary was inserted into the lower con- 
a 

‘0. E. Frivold, Physik. Z. 21, 529 (1920). 


*Wirth, Thompson, and Utterback, J. Am. Chem. Soc. 57, 
400 (1935). ; 
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necting tube and a dye was injected at one edge of the 
capillary. The flow of dye through the capillary was 
observed through an optical system with the eyepiece 
outside the apparatus. The dimensions of the capillary 
are quite critical ; if it is too large, a significant amount 
of flow will occur before it can be detected, leading to 
low values of V in Eq. (2). On the other hand, too fine 
a capillary would greatly reduce the rate of flow of the 
dye and seriously affect the sensitivity of the instru- 
ment. The capillary chosen was 1.6 mm in length and 
0.4 mm in diameter. Its design is shown in Fig. 2. 

The glass tube was sealed into the lower horizontal 
tube with sealing wax. It was found that the dye would 
move across the capillary by diffusion and mixing in 
about ten minutes while a difference of one part in ten 
million in specific gravity would cause the dye to flow 
across the capillary in three minutes. 

The volume of liquid withdrawn to achieve equi- 
librium was accurately measured in a capillary burette. 
This consisted of a piece of calibrated capillary tubing 
fastened to a meter stick. 

Frequent blank runs were made in the course of the 
experimental determinations. These consisted of filling 
both sides of the apparatus with conductivity water 
and measuring the difference in specific gravities of the 
two columns of water. In no case was a difference de- 
tected greater than one part in ten million, the limit of 
accuracy of the experiments. 


B. Preparation and Analysis of Solutions 


Special precautions were taken to insure that the only 
factor producing a difference in specific gravity between 
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TABLE I. Apparent molal volumes of benzene in water solution. 








T =10.1°C 


y 1-d/do ¥ ¥ 
x10 = X105 cc x10 


0.78 81.9 
0.82 81.4 
1.09 81.5 
1.84 81.8 
1.92 81.8 
2.26 81.8 
2.80 81.7 


T =25.2°C 
1 —d/do 
105 


0.90 
1.95 
2.41 
2.68 
3.53 


T =30.0°C 
1—d/do 
x<105 


1.29 
1.42 
1.54 
2.26 
3.07 
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T =34.9°C 
1 —d/do 
«105 


1.85 
3.59 
4.85 














solution and standard was the presence of the solute 
being investigated. A difference in concentration of dis- 
solved air or of isotopic composition would cause 
spurious specific gravity differences. To avoid this a 
sample of conductivity water was rendered air-free by 
boiling under vacuum. It was then split into two por- 
tions, one of which served as the solvent for the hydro- 
carbon solution and the other as reference liquid. 


1. Benzene solutions 


The benzene used to prepare the solutions was 
purified by the method of Mair et al.® The solutions 
were prepared by placing one portion of the air-free 
conductivity water in contact with benzene vapor 
arising from a tube connected to the solution flask. The 
solution process was hastened by stirring the water in 
the solution flask with a magnetic stirrer. Solution was 
carried out under vacuum. 

The concentrations of the benzene solutions could be 
adjusted by varying the time of exposure of the solution 
flask to benzene vapor. Stirring was continued for 
several minutes after the solution was shut off from 
contact with the benzene vapor. This insured uniform 
concentration of the solution. Solution and standard 
were then successively admitted to the block. About 
fifteen minutes were allowed for the liquids to come to 
the temperature of the block. The specific gravity of 
the solution was then determined. In each experiment 
measurements were taken until three successive deter- 
minations agreed within one part in the seventh decimal 
place. , 

Portions of the solution were then withdrawn from 
the block and analyzed by means of an ultraviolet 


® Mair, Termini, Willingham, and Rossini, J. Research Natl. 
Bur. Standards 37, 229 (1946). 
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spectrophotometer. It was found that the absorption 
peak at 2537 A obeyed Beer’s law within 3 of 1 percent 
at optical densities up to 1.0. Portions of the solution 
withdrawn from various sections of the block showed 
uniform concentrations within at least 1 percent. 
Evaporation of benzene apparently occurred only from 
the trays above the vertical tubes provided the solutions 
were analyzed within two to three hours after admission 
to the block. 

From the concentrations of the solutions and their 
specific gravities the apparent molal volumes could be 
calculated by means of Eq. (1). The data on benzene 
solutions is given in Table I. 


2. Aliphatic Hydrocarbon Solutions 


The aliphatic hydrocarbons studied were methane, 
ethane, and propane. The hydrocarbons used were all 
of research grade (99 mole percent pure). They were 


TaBLe II. Apparent molal volumes of aliphatic hydrocarbons 
in water solution. 








Methane 

T =23.0°C 
y 1-—d/do y 
«105 105 ce 


1.35 36.8 
1.92 36.2 
2.47 36.5 
38 35.5 
50 36.5 
81 36.0 
42 


T =29.1°C 
1—d/do vy 
105 cc 


2.23 38.0 
2.44 384 
2.48 378 





x 


Av. = 36.3 


T =35.1°C 
1—d/do 
105 


1.95 
1.93 
2.10 
1.92 
2.19 
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Ethane 
T =23.0°C 
1 —d/do 





T =29.1°C 
1—d/do ¥ 
105 cc 


T =16.9°C 
y 1—d/do yp y 
<X105 X<105 cc 105 105 
3.61. 2.17 3.68 2.52 
4.70 3.20 
5.14 3.44 
5.61 3.82 


7 
X105 


3.35 
4.59 





2.49 523 
3.34 S19 


48.2 


Av.=50.5 





Propane 
T =23.0°C 
1-—d/do yp 
105 cc 


66.8 


T =16.9°C 
y 1—d/do 
105 


v y 
105 cc 105 
6.48 2.96 64.1 4.88 
6.53 2.83 63.2 5.30 
149 84 66:5 5.63 
6.31 





2.52 
2.64 
2.93 
3.13 


67.0 


Av.=63.6 Av. = 66.6 








* Value omitted in obtaining average. 





freed ¢ 
ascarite 
with sa 
magnet 
for ben: 

Expe 
sary fot 
sufficiel 
Sample 
partial 
after fo 

Befo. 
tion ap 
The ini 
the vay 
solutio1 
the des 
reachec 
was rea 
and ini 
hydroc 
ture of 
concen: 
calcula 
in the | 
of one’ 
data o! 
the sol 
at the 

The 
in the | 
Once ; 
volume 

The 
pane i 
precisic 
solutio: 
less acc 


It is 
of the | 
in non 
benzen 
water 
of 6.4 « 

The 
involve 
pared 
brand" 
ethane 
pressu 
decrea: 


__. 


J.C 
1077 (1 


rption 
ercent 
lution 
10wed 
rcent, 
r from 
utions 
ission 


their 
ild be 


nzene 


thane, 
re all 
~ were 


bons 


PARTIAL MOLAL VOLUMES OF HYDROCARBONS IN WATER 1833 


freed of traces of carbon dioxide by passing over 
ascarite. The purified gases were brought into contact 
with samples of air-free water stirred by means of a 
magnetic stirrer in an apparatus similar to that used 
for benzene. 

Experiments were run to determine the time neces- 
sary for saturation. It was found that four hours were 
sufficient to achieve saturation with the technique used. 
Samples saturated for periods up to twelve hours gave 
partial molal volumes identical with those obtained 
after four hours contact. 

Before admitting the hydrocarbon gas to the satura- 
tion apparatus all the air was removed from the system. 
The initial pressure read on the manometer was then 
the vapor pressure of water at the temperature of the 
solution. Gas was admitted to the solution flask until 
the desired pressure, as read on the manometer, was 
reached. The final pressure of the gas after saturation 
was reached was recorded. The difference between final 
and initial pressures gave the partial pressure of the 
hydrocarbon gas. From this pressure and the tempera- 
ture of the solution, it was possible to calculate the 
concentration of the solution. Henry’s law was used to 
calculate the effect of pressure on the solubility; data 
in the literature indicates that it holds within one-half 
of one percent for such extremely dilute solutions. The 
data of Claussen and Polglase' was used to calculate 
the solubilities of the gases at one atmosphere pressure 
at the temperature of the solution. 

The specific gravities of the solutions were measured 
in the same manner as those of the benzene solutions. 
Once again it was found that the apparent molal 
volumes were independent of concentration. 

The data on solutions of methane, ethane, and pro- 
pane is given in Table II. It will be noted that the 
precision is considerably less than for the benzene 
solutions, probably because the concentration data was 
less accurate. 


DISCUSSION OF RESULTS 


It is instructive to compare the partial molal volumes 
of the hydrocarbons in water solution to their volumes 
in nonaqueous solvents. The molal volume of pure 
benzene at 25°C is 89.5 cc; the partial molal volume in 
water is 83.1 cc. This is a decrease in water solution 
of 6.4 ce. 

The simplest explanation of this decrease in volume 
involves the large internal pressure of water as com- 
pared to that of benzene itself. Gjaldbaek and Hilde- 
brand" found that the partial molal volume of methane, 
ethane, and nitrogen decreased sharply as the internal 
pressure of the solvent increased. The fact that the 
decrease in volume for benzene is relatively small is 


” J. C. Gjaldbaek and J. H. Hildebrand, J. Am. Chem. Soc. 72, 
1077 (1950). 


TABLE III. Partial molal volumes of methane and ethane at 25°C. 








Solvent P (int.) Methane Ethane 


Per-fluoro n-heptane 1430 atmos 68.4 cc 82.9 cc 
n-hexane 2190 60.0 69.3 
Carbon tetrachloride 3050 51.7 66.0 
Water 12 000 37.3 51.2 











probably due to the rather small compressibility of 
benzene at high pressure." The coefficient of expansion 
a of benzene in water solution is independent of tem- 
perature and slightly smaller than that of pure benzene, 
as would be expected in a solvent of high internal 
pressure. 

The partial molal volumes of the aliphatic hydro- 
carbons in water solution are considerably less than the 
corresponding values in nonaqueous solvents. Table ITI 
gives the partial molal volumes of methane and ethane 
at 25°C in various solvents. The values for carbon 
tetrachloride are taken from Horiuti;™ those for the 
other organic liquids are from Gjaldbaek and Hilde- 
brand.'° Values of the internal pressures are taken from 
Hildebrand and Scott." 

It will be noted from the curves that the change of 
partial molal volume with temperature for the aliphatic 
hydrocarbons is of a quite different nature than that 
of benzene. The linear increase observed with benzene 
does not occur with the aliphatics; instead the rate of 
increase of the partial molal volume with temperature 
(the coefficient of expansion a) decreases with increasing 
temperature. This leads one to believe that there are 
two competing processes going on in the case of the 
aliphatic hydrocarbons. The normal thermal expansion, 
which increases V, would be expected to give a nearly 
linear slope as it does with benzene. The other process 
is apparently a breaking down of the cage-like structure 
of water molecules around the aliphatic hydrocarbon 
molecules. This produces a decrease in the partial molal 
volume analogous to that observed when ice melts. The 
above curves thus represent the net result of these two 
processes. 
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A band at 2.574 wavelength has an absorbance which depends upon the product of the partial pressures 
of hydrogen fluoride and chlorine trifluoride and is hence attributable to a molecular complex HF -CIF3. 
This complex is present only in low concentration. The temperature variation per unit product of the 
pressures indicates a heat of reaction of 3.9 kcal per mole for the reaction HF+CIF;@HF-CIF;. The band 
is a hydrogen-fluorine stretching vibration. The complex probably does not contain a hydrogen bond. 








PECULIAR distortion of the hydrogen fluoride 
fundamental absorption band at 2.47 has been 
observed in mixtures of HF and CIF;. This band has 
been studied in some detail with different mixtures and 
pressures of HF and CIF;. It has been found that the 
distortion is caused by an infrared band which is co- 
incident with the P branch of the HF, and procedures 
have been devised to measure the absorbance of this 
band. Correlation of the absorbance with the partial 
pressures of the HF and CIF; demonstrated that this 
band must be ascribed to a molecular complex formed 
by one molecule of HF combining with one molecule 
of CIF3. 
In Fig. 1, the spectrum of HF is shown as it occurs 
either alone or in the presence of most gases, together 
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Fic. 1. Spectra of hydrogen fluoride and complex. 


* This document is based on work performed for the U. S. 
Atomic Energy Commission by Carbide and Carbon Chemicals 
Company, a Division of Union Carbide and Carbon Corporation, 
at Oak Ridge, Tennessee. 

+ Presented at the Symposium on Molecular Structure and 
Spectroscopy, The Ohio State University, Columbus, Ohio, in 
June, 1954. 


1834 





with the spectrum of a mixture of HF and CIF;. The 
enhanced absorbance d, at 2.534 is caused by the com- 
plex. It is evaluated from the records as the measured 
absorbance d» at 2.53u, less the absorbance d; measured 
at 2.42u, less the absorbance d;, the normal difference 
between the absorbance at 2.534 and 2.42u for HF in 
the absence of CIF3, that is, ds=d2—d,—d3. The ab- 
sorbance d; is a function of d;. This function was deter- 
mined from other records of the HF spectrum. Such an 
elaborate procedure is required because of the observed 
behavior of the HF monomer spectrum. With the resolu- 
tion of the Perkin-Elmer model 21 infrared spectro- 
photometer with an NaCl prism as used in these experi- 
ments, the individual rotation lines were not resolved 
in spite of their wide spacings. With such low resolution 
the observed spectrum of hydrogen fluoride appears to 
be enhanced, without serious distortion, when foreign 
gases are present to broaden the individual lines. Since 
the complex, on the other hand, should have large 
moments of inertia, the spectrum should consist of 
closely spaced rotational lines and, even at low resolu- 
tion, the absorbance d, should be proportional to the 
molecular density of the complex. 

The absorbance d, has been measured in various mix- 
tures of CIF; and HF. These mixtures were prepared 
by filling an infrared cell to a measured pressure » of 
HF, evacuating the sample handling system with the 
cell closed, building up the pressure in the manifold 
with CIF;, opening the cell, measuring the pressure of 
the mixture in the cell, closing the cell, and recording 
the spectrum. Successive increments of CIF; were then 
added to the cell to obtain additional records. The 
partial pressure of HF was taken to be the initial 
pressure po of HF, corrected for the small HF impurity 
(about 1.5 percent mole percent) in the CIF;. The 
partial pressure of the complex was negligible com- 
pared with the total pressure. The CIF; partial pressure 
is taken as the measured pressure less the partial pres- 
sure of HF. In one case, after the total pressure in the 
cell had been built up to a maximum pressure near 
1 atmos, the cell was opened and portions of this mix- 
ture were removed from the system. Spectral records 
were made at measured pressures after the removal of 
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INFRARED BAND OF 


each portion. The partial pressure ratio for HF and 
CIF; was taken as invariant. 

The absorbance d, of the complex should be pro- 
portional to the partial pressure p. of the complex so 
that 


d4= bp, 


where 6 is a constant of proportionality. If the complex 
is in equilibrium with HF and CIFs, 


ds=bKp™ (HF) p"(CIF3), 
where K is the equilibrium constant of the reaction, 
my HF+n.ClF32n,HF - 22ClF3. 


p(HF) is the partial pressure of HF, and p(CIFs) is the 
partial pressure of CIFs. 

The measured values of d, are plotted versus the 
product of the HF and CIF; partial pressures in Figs. 2 
and 3. The fact that the points fall so nearly on a single 
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Fic. 2. Variation of absorbance of complex band with product 
of partial pressures of hydrogen fluoride and chlorine trifluoride 
at 1°C and 28°C. X at 1°C po(HF)=73.0 mm Hg; X at 28°C 
bo=202.4 mm Hg; A at 28°C po=103.8 mm Hg; 0 at 28°C 
\(HF)/p(CIF;)=0.420. 


straight line, even though nearby points correspond to 
different ratios of the partial pressures of HF and CIF;, 
is proof that the absorption is due to a complex 
HF- CIF; with 23=.=1. The failure of the line drawn 
for the 1°C measurements to pass through the origin is 
probably due to a small shift in the background. 

These measurements were made in a 100 mm long 
Monel infrared cell with fluorothene windows. The cell 
could be thermostated by passing water at constant 
temperature through a 5-turn coil of j-in. Monel tubing 
contained within the cell and wound close to the outer 
wall. Measurements were made at 1, 21, and 52°C, as 
well as at ambient temperature, 28°C. Satisfactory 
measurements could not be. made with steam blown 
through the coils because of the rapid formation of 
window bands in the region of absorption of the 
HF -CIF; at this higher temperature. 

The slopes m of the lines in Figs. 2 and 3 are the 
product of 6 and the equilibrium constant. As 6 should 
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Fic. 3. Variation of absorbance of complex band with product 
of partial pressures of hydrogen fluoride and chlorine trifluoride 
at 21°C and 52°C. X at 21°C o(HF)=112 mm Hg; A at 21°C 
po(HF)= 168 mm Hg; X at 52°C po(HF)= 180 mm Hg; A at 52°C 
po(HF)=272 mm Hg. 


depend on the temperature in the same way as the 
molecular density, the variation of the factor m7/T> 
where T is the absolute temperature and T> is arbitrarily 
taken as 273°K, should be the same as the temperature 
variation of the equilibrium constant, so that from the 
integrated form of the van’t Hoff equation 


mT AH 
in —) =——+B8, 
To RT 


where AH is the heat of reaction, R is the gas constant 
per mole, and B is a constant. As AH varies only slightly 
with temperature, a plot of log(m7/To) versus 1/T 
should be a nearly straight line over the temperature 
range at which measurements have been made, and the 
slope should be AH/2.303R per degree. Figure 4 is a 
plot of logm7T/T> versus 1/T. The line drawn corre- 
sponds to a value of AH=—3.92 kcal per mole. The 
approximations which have been employed in the in- 
terpretation of these experiments probably give rise to 
more serious uncertainty in the value of AH than do 
the experimental errors. 





-52 


a 
a 


BH =-392 kcal 


LOG [m T/To] 
re 
a 


cn 
® 








| 


32 34 3.6 38 





VT x 10>, per degree 


Fic. 4. Evaluation of the heat of the reaction 
CIF; +HF2HF-CIF3. 














ap. F. 


Attempts to determine the equilibrium constant K 
were made by observing the decrease in the absorbance 
of the HF polymer band because of the depletion of HF 
monomer in the formation of the HF-CIF;. The de- 
crease was small. The equilibrium constant was esti- 
mated to be about 1X10-*/mm at 21°, so that the 
partial pressure of the HF-CIF; never exceeded 1 mm 
Hg by any large amount. 

The wavelength of this HF- CIF; band is the shortest 
of any fundamental vibration ever observed, with the 
exception of the fundamental HF vibrational band 
itself, so that without doubt the vibration is a H—F 
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stretching vibration. Its displacement from the HF 
fundamental is much smaller than the separation be- 
tween the HF monomer and polymer absorption. This 
suggests that this complex involves a bonding of the F 
of the HF to the CIF;, rather than a hydrogen bond. 
Rogers and Katz,! in interpreting F'* exchange rates 
between HF and CIF3, postulated a complex. 

The 3.514 band of DF-CIF; has also been observed 
as coincident with the long wavelength branch of the 
DF band in mixtures of DF and CIF3. 


1M. T. Rogers and J. J. Katz, J. Am. Chem. Soc. 74, 1375 
(1952). 
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The appearance potentials of C+, CH*, and CH2* in the mass spectra of methylene, methyl, and methane 
are found to be mutually consistent and when combined with the spectroscopic value of the ionization 
potential of the carbon atom (11.26 ev) lead to 15.5+0.5 ev/molecule for the heat of atomization of methane. 
This value (15.5) when further combined with the heat of formation of methane (—0.78 ev/molecule) and the 
dissociation energy of Hz (4.48 ev/molecule) yields 5.7, ev/atmos or 133 kcal/mole for the heat of sublimation 


of graphite. 


The set of appearance potentials confirmed the spectroscopic value for the heat of dissociation of CH* (3.6 
ev/molecule) and yield the following additional energetic quantities: D(CH:—H) =3.7;+0.3 ev/molecule, 
D(CH—H) =3.95+0.3 ev/molecule, D(CH;+—H)=1.3,+0.1 ev/molecule, D(CH.+—H)=5.5,+0.2 ev/ 
molecule, and D(CH*+—H)=3.3;+0.2 ev/molecule. Earlier determinations of J#(CH,), J*(CH;) and 
D(CH;—H) are confirmed (within the experimental error) and the ionization potential of the methylene 
radical, J*(CHz), is found to be 11.7;+0.1 ev/molecule. 

Combination of the appearance potentials of CH2* in the methane and diazomethane mass spectra gives 
46+6 kcal/mole for the heat of formation of diazomethane. 


INTRODUCTION 


HE spacing of the energy levels of the various 
states of combination of four hydrogen atoms 
with one carbon atom has been a subject of speculation 
and experimentation’ for many years. Although the 
dissociation energies, D(CH;—H)** and D(C—H)’ 
appear to be well established,® such is not the case for 
D(CH2—H) and D(CH—H). Furthermore the sum of 
these four dissociation energies, the heat of atomization 
of methane, A:(CH,), is intimately related to that 
continuing subject of debate, the heat of sublimation of 
graphite, through the accurately known heat of forma- 
tion of methane and dissociation energy of hydrogen. 
With the objective of obtaining information on the 


1J. H. Van Vleck, J. Chem. Phys. 2, 20, 297 (1934). 
2H. H. Voge, J. Chem. Phys. 4, 581 (1936); 16, 984 (1948). 
3 Glockler, Discussions Faraday Soc., Hydrocarbon 10, 26 (1951). 
4D. P. Stevenson, J. Chem. Phys. 10, 291 (1942). 
§ Anderson, Kistiakowsky, and Van Artsdalen, J. Chem. Phys. 
10, 305 (1942). 
6 Butler and Polanyi, Trans. Faraday Soc. 39, 19 (1943). 
7 Douglas and Clark, Can. J. Research A20, 71 (1942). 
8 See reference 3 for contrary opinion re D(C—H). 





unknown quantities mentioned above there was under- 
taken a mass spectrometric study of the ionization and 
dissociation by electron impact of methane, methyl, and 
methylene.® Although methane has been the subject of 
several previous such studies" it was deemed desirable 
to include its study in order to assure self-consistency of 
the measurements on the various molecules that were to 
be intercombined to derive the quantities of interest. 


EXPERIMENTAL METHODS AND RESULTS 


A special ion source for this study was constructed for 
a 90° sector analyzer mass spectrometer." The fea- 
tures of the source were the following: 


%A preliminary report of the measurement of the ionization 
potential of methylene was made several years ago. Langer and 
Hipple, Phys. Rev. 69, 691 (1946). 

1 (a) L. G. Smith, Phys. Rev. 51, 263 (1937); (b) M. B. Koffel 
and R. A. Lad, J. Chem. Phys. 16, 420 (1948); (c) J. J. Mitchelland 
F. F. Coleman, ibid. 17, 44 (1949); (d) R. E. Honig, ibid. 16, 105 
(1948); (e) Geerk and Neuert, Z. Naturforsch. 5A, 502 (1950); (f) 
McDowell and Warren, Discussions Faraday Soc., Hydrocarbons 
10, 53 (1951). 

J. A. Hipple, J. Appl. Phys. 13, 551 (1942). 
2 Hipple, Grove, and Hickam, Rev. Sci. Instr. 16, 69 (1945). 
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IONIZATION AND DISSOCIATION 


(1) the use of double slits for entries to and exits from 
the ionization chamber of both electrons and positive 
ions in order to minimize external field penetration ; 

(2) the use of an indirectly heated oxide-coated 
platinum cathode, and 

(3) the use of a hemicylindrical ion repeller that was 
considerably longer than the positive ion exit slit from 
the ionization chamber. The cathode heater consisted of 
a tubular ceramic with imbedded tungsten heater wires. 
The electron trap was always maintained 6 volts posi- 
tive with respect to the ionization chamber in order to 
trap secondary electrons emitted from the platinum 
collector plate. 


The gases for study were admitted to the ionization 
chamber through a 1-mm i.d. quartz tube that ended at 
a suitable hole in the top center of the ion repeller. The 
quartz tube could be heated over the 4-cm length 
immediately preceding its end by means of a close 
winding of tungsten wire surrounded by a radiation 
shield. The temperature of the quartz tube was de- 
termined by means of a “platinum” thermocouple 


TABLE I. Mass spectrum of diazomethane ~75°C, 75 ev. 








M/q Relative intensity 


0.010 
0.024 
1.00 

0.50 

0.44 

0.062 
0.020 
0.020 
0.007 
0.002 





CoH ?? 
A (CH2*)= 12.7+0.3 ev 








inserted through a hole in the radiation shield and 
placed in contact with the quartz ca 1 cm from its end. 

The gases, methane, lead tetramethyl, or diazo- 
methane admixed with argon, entered the quartz tube 
through a pinhole leak in a platinum foil from a light 
shielded reservoir. Ohio Chemical Company methane 
was used without treatment. The lead tetramethyl was 
from the generous gift of the Ethyl Corporation." Linde 
Company spectroscopically pure argon was employed. 

Diazomethane was prepared by the reaction of 
hydrazine and chloroform in absolute alcohol in the 
presence of potassium hydroxide. A stream of argon was 
employed to sweep the diazomethane from the reaction 
vessel as it was formed and carry it over potassium 
hydroxide pellets at —30°C to remove entrained alco- 
hol. The diazomethane was condensed from the argon 
Stream by passage through a trap chilled with liquid air 
and stored in this trap maintained at this low tempera- 
ture. As vaporized from the trap into the gas reservoir of 
the mass spectrometer no evidence of either ethanol or 
chloroform could be found in the mass spectrum of the 
diazomethane. 


% J. A. Hipple and D. P. Stevenson, Phys. Rev. 63, 121 (1943). 


BY ELECTRON IMPACT 





CH;t Current (arbitrary units) 
> 
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200 400 600 800 1000 1200 
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Fic. 1. CH;* from Pb(CHs3), as a function of furnace temperature 
—electron energy ~11 volts (corrected). 


The mass spectrum of diazomethane characteristic of 
75 volt ionizing electrons at 75°C is given in Table I. 

The appropriate furnace temperature for measure- 
ments on methyl] and methylene radicals were chosen as 
the temperatures at which the methyl and methylene 
ion currents from lead tetramethyl and diazomethane, 
respectively, had approximately their maximum values. 
There is shown in Fig. 1 the dependence of methyl] ion 
current in the mass spectrometer on furnace temperature 
for constant lead tetramethy] flow. The data in Fig. 1 
confirm the previously reported observation” and fix the 
temperature (indeterminant in the earlier work) of 
maximum methyl] yield at 850+-50°C. Similarly 780°C 
was chosen as an appropriate furnace temperature for 
methylene formation from diazomethane. The variation 
of CH,* with furnace temperature for constant CH2N»2 
flow is shown in Fig. 2. 

In the appendix to this paper further experimental 
results on the pyrolysis of other substances are sum- 
marized. 

The appearance potentials of the various ions in the 
mass spectra were determined from the ion yield— 
ionizing electron energy curves by means of the vanish- 
ing current method." The additive constant in the 
voltage scale was determined by association of the 





CH* Current (arbitrary units) 








L l l L 
400 600 800 1000 1200 
Furnace Temperature, *C 





Fic. 2. CH,* from CH2N:2 as a function of furnace temperature— 
electron energy ~11 volts (corrected). 


¢T, Mariner and W. Bleakney, Phys. Rev. 72, 807 (1947). 
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TABLE II. Appearance potentials of ions CH ;* in the mass spectra 
of CH, CH:, and CHe. 








Ion CH, CHs 


CH,* 13.10+0.1 
CH;* 14.30+-0.1 
CH,* 15.5 +0.2 
CH* 23.4 +0.2 
— 27.0 +0.2 





9.85+0.1 
15.30+0.1 
16.2 +0.2 
17.8 +0.2 








appearance potential of At in the mass spectrum of the 
simultaneously admitted argon with the _ spectro- 
scopically determined ionization potential of argon, 
15.76 ev.® 

The appearance potentials determined from five or six 
series of measurements on each ion are summarized in 
Table II. The repeatability of determination varied 
from +0.05 ev in the cases of ions of high probability of 
formation, CH,+ and CH;* from CH,, CH;* from CHs, 
and CH;+ from CH» to +0.2 ev in the cases of ions of 
low probability of formation as C+ from CHy,. No search 
was made for “higher” appearance potentials such as 
have been found!“ for CH,* in the methane mass 
spectrum. 


DISCUSSION 


The discussion of the appearance potentials sum- 
marized in Table II will be divided into two parts. In the 
first part the data will be examined ion by ion for 
mutual compatability and assignment of state to the 
ions, and the nature of the accompanying neutral 
products. Only differences between appearance po- 
tentials are used in this section, and thus the quality of 
the absolute calibration of the ionizing electron energy 
scale will not affect the arguments other than in the 
comparison of our results with those of previous in- 
vestigations. For the purposes of this first section it will 
be presumed that the dissociation energies, D(CH;— H) 
=4.42+0.04 ev, D(Ct+—H)=3.61 ev, and D(C—H) 
= 3.47 ev are reliable. The conclusions reached in the 
first part of the discussion are summarized in Table III. 

In the second part of the discussion the appearance 
potentials (Table IT) are combined with data from other 
sources by means of conclusions of the first part 
(Table III) to derive a self-consistent set of dissociation 


LANGER, HIPPLE, AND STEVENSON 


energies, D(CH,,—H) and D(CH,,*— H) (O0<m<3) and 
the heats of atomization of CH,,,; and CtH»41 where 
the heat of atomization, A,(CH;), of CH; is the energy 
required for the reaction, 


CH ,‘#2*) = Cas) 4 7. 77, 


Part I 
CH,+ 


The appearance potential of CHy*, A(CH,4*)=13.1 
+0.1, in the methane mass spectrum is in excellent 
agreement with all previously reported determinations 
of this quantity, viz. 13.2+0.4,% 13.040.2, 13.04 
+0.02,% 13.0,+0.03,° 13.32%0.3,° and 13.1, 
+0.03..“® This agreement lends confidence to the 
reliability of the calibration of our voltage scale and 
thus to the significance of the results of calculations in 
which our data are combined with data from other 
sources. This appearance potential is to be associated 
with the vertical ionization potential of methane, and it 
will be assumed that the difference between the vertical 
and adiabatic ionization potentials is no larger than the 
uncertainty of the determinations. 


CH;* 


The appearance potential, A,(CH;*+)=14.30.1, in 
the methane mass spectrum is in essential agreement 
with the literature values, namely, 14.5+0.4,° 144 
+0.3,!°)  14.50+0.05,° 14.540.3,! and 14.3) 
+0.02.!“® The appearance potential of this ion in the 
methyl mass spectrum, A2(CH;*)=9.8;+0.1 is 0.22 ev 
lower than the previous measurement by the mass 
spectrometric method, 10.0;+0.1." This difference is 
coincident, with the difference between the present de- 
termination of A,(CH;+)=14.340.1 and the value 
found in the earlier study of the methyl radical, 
A,(CH3*) = 14.59+0.1.™ Thus this research leads to 
the same value for D(CH;—H) as the earlier one" when 
this dissociation energy is associated with the difference 
A 1(CH;*) — A,(CH;*) =4.4,+0.1 ev. 

In order for the association of A,(CH3*)—A2(CH;*) 
with D(CH;—H) to be valid, it is necessary that the 
methy] ion in both processes of formation be in the same 
electronic state and that in the case of methane the 


TABLE III. Energetic quantities to be associated with the appearance potentials, A (CH,,,*), 0>m<4 listed in Table II. 














CH, 


CHs3 CHe 








1 ?(CH4)> 1 aa®(CH,) 
1?(CH;)+D(CH;—H) 
1?(CH2)+D(CH;—H) 
+D(CH,—H)— D(H—H) 
I?(CH)+4A ,(CH,)—D(C—H) 
= 1?(CH)+D(CH;—H) 
+D(CH.—H)+D(CH—H) 


T»*(CH3)=J aa*(CHs) 
1?(CH2)+D(CH2—H) 


1?(CH)+Ecu+ (4l)+D(CH.—H) 
+ D(CH—H)— D(H—-H) 
= 1?(CH)+Ecu+(AMl)-+4 :(CHs) 


I o*(CHe)&/ aa? (CH2) 


17(CH)+£cun+ (A411) +D(CH-—H) 
= 1?(CH)+£Ecu+ (A'll) 
+A .(CH2)—D(C—H) 


— D(C—H)—D(H—H) 


I?(C)+A (CH) 


I*(C)+A :(CH;)—D(H—H) 


1?(C)+A ¢(CH2) 

















18 Moore, Natl. Bur. Standards. Circ. No, 467, U. S. Government Printing Office, Washington, D. C. (1949). 
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IONIZATION AND 
formation of CH;* proceed through transitions to levels 
of CH4* above the dissociation limit of the attractive 
state. If we associate the appearance potential of CH;* 
in the methyl mass spectrum with the vertical ionization 
potential of methyl and assume negligible difference 
between vertical and adiabatic ionization potential, it 
follows that the difference between A(CH,*) and 
A,(CH3*), A1(CH;*) — A (CH,*) = 1.2+0.1 is to be as- 
sociated with the dissociation energy, D(CH;+—H). 
This is a consequence of our assumption that identical 
CH;+ ions are formed from CH, and CH. Justification 
for the validity of this assumption is to be found in the 
consistency of direct and indirect electron impact de- 
terminations of D(CH;—H)'* and the agreement with 
the values found by entirely independent methods.*:® 

The value found for D(CH;+—H), 1.2 ev is but one- 
fourth that of D(CH;—H). This appears to be a re- 
markably larger weakening of a bond to be associated 
with a change from a one electron-pair bond to a three- 
fourths electron-pair bond, when it is noted that in the 
cases of H, and H,* the change from an electron-pair 
bond to a one-electron bond reduces the dissociation 
energy by less than a factor of 2, visa 4.48 to 2.65 ev. 
This qualitative reasonlng suggests that there may be a 
significant difference between the vertical and adiabatic 
ionization potentials of methane. 


CH,* 


The appearance potentials of this ion in the methane 
mass spectrum A,(CH2*+)=15.5+0.2, lies between two 
of the previously reported values of this quantity, i.e., 
15.8+0.5 and 15.39+0.05. A third much higher 
value 16.5+-0.3 has also been reported. There have 
been no previously reported values for the appearance 
potential of this ion in the mass spectra of methyl, 
A,(CH2*+)=15.340.1; methylene, A;(CH2+)=11.9 
+0.2; or diazomethane, A,(CH2*+)=12.7+0.3. 

If it is assumed that the same state of CH-* obtains 
for its formation from the three species, CH,, CH3, and 
CH; then values may be calculated for the dissociation 
energy, D(CH2—H), if the formation of CH,* is as- 
sociated with the reactions; 


CH;+¢—CH,t+H+2e A2(CH:*), (1) 
CHy+e—CH2*+He+2e- A i(CH;*). (2) 
From A»(CH:*)—A3(CHs*) there is found 


D(CH:—H)=3.4+0.2 
while, 
A,(CH,*) — A3(CH:*) =3.6= D(CH2— H) 
+D(CH—H)— D(H—H). 
Taking D(CH;—H)=4.42 and D(H—H)=4.48 one 
obtains the second value, D(CH2—H)=3.7+0.2. The 
essential agreement between these semi-independent 


'® Stevenson, Discussions Faraday Soc. Hydrocarbons 10, 35 


(1951) 


DISSOCIATION BY ELECTRON 
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determinations of D(CH:—H) shows the consistency of 
the assumptions made in the derivation of the values, 
namely the identity of the state of CH,* in the three 
modes of formation and the accompanying formation of 
H2 molecules in the case of methane. 

The appearance potential in the methylene mass 
spectrum, A3(CH,*), is naturally associated with the 
vertical ionization potential of the free radical that 
should be very little different from the adiabatic 
ionization potential in the species with unshared elec- 
trons. The consistency of A;(CH:*) and A2(CHe*) with 
A3(CH>*) found above, leads us to believe that the 
CH;* formed from both methane and methyl are in 
their ground state. 

The differences between the appearance potentials of 
CH,* and CH;* in the mass spectra of methane and 
methyl are related to the difference D(CH:+—H) 
— D(H—H) and D(CH,*—H), respectively. Thus from 
A,(CHe*) — A1(CH3*) = +1.2, D(CH.*— H) = 5.7, while 
A»(CH2*)— A2(CH;*) =5.45= D(CH.*—H). 

It should be noted that Voge? and Field!’ have both 
used the difference A,(CH:*+)—A3(CH2*) to estimate 
the energy of formation of CH, from methane. 

If the heat of formation of diazomethane from its 
elements were known, the appearance potential of CH:* 
in the diazomethane mass spectrum, A4(CH2*)=12.7 
+0.3 would provide another datum relative to the 
energy of CH;* with respect to methane. Since this heat 
of formation is not known, it is of interest to calculate a 
value for this quantity by combination of the appear- 
ance potential of CH;* in the mass spectrum of methane, 
A,(CH2*), with that in the diazomethane mass spec- 
trum, A,(CHs;*), the heat of formation of methane 
(—0.78 ev/molecule) and the plausible assumption that 
the process of formation of CH,* from diazomethane by 
electron impact is, 

CH.N.-CH2t+Not+e, A,(CH.+) = 12.4. 
Then, since 

CH,—CH;*+Hoet+e, 

Cy,+2H2= CH, 

Cyr+Ho+ No= CHiN» 


A,;(CH¢-*) = 15.5; 

AH ;= —0.78; 

AH = —0.78+15.5—12.7 
= 2.0 ev/molecule 
= 46 kcal/mole. 


That this is a reasonable value may be seen from the 
following argument. Following Pauling :'* 


AH ;(CH2N2) = —2Hc_n—2Hc_n+3Hn=N+Hu_u 
+L,.+strain energy 
= —2(87.3)—2(48.6)+3(170)+103.4 
+124.3+strain energy 
= 12.5+strain energy. kcal/mole. 


‘7 F,H. Field, J. Chem. Phys. 19, 793 (1951). 
18 Pauling, The Nature of the Chemical Bond (Cornell University 
Press, Ithaca, 1939), pp. 53 et seq. 
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The strain energy of cyclopropane is 34.2 kcal! and it 
would be expected to be greater in diazomethane in 
view of the nitrogen-nitrogen double bond in the ring. 


Thus it would be expected that, 
AH ;(CH2N2 gas) > 47 kcal, 


and we see that the estimate from the appearance 
potentials of CH,* in the methane and diazomethane 
mass spectra is quite acceptable. 


CH* 


The present determination of the appearance po- 
tential of CH* in the methane mass spectrum, A;(CH*) 
= 23.4+0.2 is in excellent agreement with the earlier 
value due to Smith’) (23.4+0.6) and approximately 
one electron volt higher than the determinations by 
Geerk and Neuert'® (22.5+0.5) and MacDowell and 
Warren’ (22.4+0.1). The last named authors!®).‘? 
employed a different technique in determining the ap- 
pearance potential from the ion yield-ionizing electron 
energy curve than that employed by Smith and our- 
selves and this may be the source of the discrepancy 
noted. No previous values have been reported for the 
appearance potentials of CH* in the mass spectra of 
methyl, 42(CH*)=16.2+0.2 and methylene, A;(CH*) 
= 17.1+0.2. 

If it is assumed that the CH* ions formed from 
methylene and methyl are in the same electronic state, 
the lower value of A2(CH*) than of A;(CH*) requires in 
the case of methyl the process 


CH;+¢—CHt+H:+2e, (3) 
since in the case of methylene the process must be 
CH:+e¢—CH*t+ H+2e-. (4) 


With assumption of identical states for the CH*, the 
difference 


A,(CH+)—A;(CH*) = —0.9= D(CH,—H)—D(H—H), 


or since D(H— H) = 4.48, D(CH,— H) = 3.6, in excellent 
agreement with the values deduced from appearance 
potentials of CH.*. This agreement may be taken as 
confirmation of the validity of the assumption of 
identity of state of CH*t from CH; and CH2. 

The appearance potential of CH* in the methane mass 
spectrum, A,(CH*t)=23.4, is to be associated with 
either the process 


CHy+e—CH*t+3H+2e, (5) 


CHy+e—CHt+H2+H+2e-. 


If the state of CH* from methane is identical with that 
formed from methyl] then if (5) obtains, 


A,(CH*) — A2(CH*)=7.2= D(CH;—H)+D(H—H), 


” Golmov, J. Gen. Chem. (U.S.S.R.) 11, No. 5-6, 405 (1940). 
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or 
D(CH;— H) =2.7, 


while if (6) obtains 
A,(CH*)—A2(CH*) = 7.2= D(CH;—H). 


Neither of these alternatives leads to a value of 
D(CH;—H) that is compatible with the accepted value 
of this quantity 4.42. 

If it were assumed that the process of formation of 
CH* in the methane mass spectrum is represented by 
(6) with the ion in the first excited state A'II, with 
Ecy+(A'll) = 2.99," while the common identical state 
for this ion in the cases of methyl and methylene is the 
ground state, X'}" ; then 


A,(CH*)— Ao(CH*) =7.2= D(CH;—H)+E(A'l), 


or 
D(CH;— H) = 4.2, 


that is equal, within experimental uncertainty to the 
accepted 4.42. 

An alternate assumption might be that (5) represents 
the formation of CH* in its ground state from methane 
while the common state of CH* formed from CH; and 
CHz is the A'Il. If this is taken, then 


A,(CH*) — A2(CH*) =7.2= D(CH;— H) 
+D(H—H)—E£(A'll), 
D(CH;— H)=5.7, 


a value that is in poor agreement with the accepted 
value. However, as will be shown later, there is strong 
evidence that (5) represents CH* formation from 
methane and that the excited state of CH* is the one 
common to this ion in its formation from CH; and CH2. 


fey 


The present determination of the appearance po- 
tential of C+ is the methane mass spectrum, A;(C*) 
=27.0+0.2 agrees quite well with the Smith’ value, 
26.8+0.8, and is greater than the value due to McDowell 
and Warren,'® 26.2+-0.2, by an amount about equal to 
the difference in the case of A,(CH*). The value of 
A,;(Ct) due to Geerk and Neuert,! 21.51 ev, ap- 
pears to be in error. No previous determinations have 
been reported for the appearance potentials of this ion in 
the mass spectra of methyl, A2(C*+)=17.8+0.2, or 
methylene, A3(Ct)=18.0+0.2. 

If it is assumed that the C+ formed from each of the 
three molecules, CHs, CH;, and CHe are in the same 
state and that the processes are representable by the 
expressions 


CH,+¢—-Ct+4H+2e, (7) 
CH;+¢e—Ct+H.+H+2e, (8) 


CH.+e—-Ct+2H+4+2e-; (9) 


™ Herzberg, Molecular Spectra and Molecular Structure. 1. (D. 
Van Nostrand Company, Inc., New York, 1950), second edition. 
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we find from (8) and (9), 


A2(Ct) — A3(Ct) =0.2= D(CH2:—H) — D(H), 
D(CH.—H) = 4.3, 


and from (7) and (8), 


A (C+) — A2(Ct) =9,2 ev= D(CH;—H)+ D(H»), 
D(CH;— H) = 4.7. 


The value of D(CH,—H), 4.3, from the combination of 
Eqs. (8) and (9) is not incompatible with the value 
deduced above that ranged from 3.4 to 3.7, and similarly 
the value of D(CH;—H), 4.7, from Eqs. (7) and (8) is in 
reasonable agreement with the accepted value, 4.42. 
Thus Eqs. (7), (8), and (9) are self-consistent with the 
assumption of the identity of the states of the C* in the 
three processes. 

If we assume in addition that the C* is in its ground 
state, then from Eqs. (3) and (8), 


A»(C*)— A2o(CH*) = 1.6= D(Ct—H), 
while from (4) and (9) 
A;(Ct+)—A;(CH*) =0.9= D(Ct—H) 


values that are incompatible with the spectroscopic 
value of Douglas and Clark,’ D(C+—H) =3.6. 
On the other hand, from Eqs. (5) and (7): 


A,(C*+) — A,(CH*) =3.6= D(C+—H) 


if the CH*+ formed from methane is in its ground X'Z 
state. Similarly, if it is assumed that the CH* formed 
from CH; and CHp by processes (3) and (4), respect- 
ively, are in the A'II state, then, 


A»(C*) — Ao(CH*) = 1.6= D(C+—H)—E(‘l), 


or 
D(Ct+—H)=4.6, 
and 


A;(C*+)—A;(CH*) =0.9= D(Ct—H) —E(‘I), 


D(Ct—H)=3.9. 


These assumptions lead to reasonable agreement be- 
tween the spectroscopic value of D(C+—H) and that 
from A 3(C+)—A3(CH*), and even better (within possi- 
ble experimental error) agreement in the case of A2(Ct+) 
—A2(CH*). Thus we believe Eq. (5) represents the 
formation of CH* in its ground state from CH, and that 
the common state of formation of CH+ from CH; and 
CH: is A'II with the processes represented by Eqs. (3) 
and (4). 

The conclusions with respect to the formal energetic 
significance of the appearance potentials of the ions 
CH,,* in the mass spectra of methane, methyl, and 
Methylene summarized in Table II are given in 
Table III. 


BY ELECTRON IMPACT 


Part II 


The ionization potential of the carbon atom is /*(C) 
= 11.264 ev'® for the formation of C* in its ground state, 
2P;°. If it is assumed that the C+ ions formed from CH,, 
CH;, and CH: are in the ground state, then from the 
appearance potentials A ;(C*) one calculates by means 
of the expressions of Table ITI: 


A ,(CH,4) = Ai (Ct) —7#(C) = 15.7, 
A,(CH3) = A2(C*) —J7(C)+D(H—H) = 11.0, 
A,(CH2) = A;3(C*) —7#(C) =6.7. 


Taking /*(CH)=11.13 and D(C—H)=3.47 from 
Douglas and Clark’ and the assignments of Table III: 


A,(CH,) = A1(CH*)—J#(CH)+D(C—H) = 15.7, 
A, (CH;) = A2(CH+) —/#(CH) — Ecu*(A'll) 
+ D(C—H)+D(H—H)=10.0, 
A,(CH:) = A3(CH*)—1#(CH) — Ecu*(A'll) 
+D(C—H)=6.5. 


Since D(CH;—H)=4.42, these values so found for 
A,(CH3) correspond to A,;(CH,)=15.4 from A2(C*) 
and 14.4 from A»(CH*). Either value of A,(CHz) leads 
to A,(CH,)=11.0+ D(CH.—H). 

The dissociation energy of carbon monoxide found by 
Hagstrum”' from electron impact measurements on 
carbon monoxide, oxygen, nitric oxide and nitrogen, 
D(CO)=9.6 ev., when combined with the heats of 
formation of methane, carbon monoxide and the dis- 
sociation energies of oxygen and hydrogen give for the 
heat of atomization of methane, 


A.(CH,) = — AH ;(CH,y)+AA (CO) 
+D(CO)—1/2D(O.)+2D(H—H) 
=0.775—1.147+9.60—2.56+8.96 
= 15.63 ev. 


The values of A;(CH,4) from A,(C*), A:(CH*), and 
A2(C*), 15.7, 15.7, and 15.4, respectively, are in excellent 
agreement with this value of Hagstrum’s, as well as the 
earlier deduction of Smith’ based on the appearance 
potentials of H*+ and C~ in the methane mass spectrum. 
The values of A,(CH4) deducible from A2(CH*) as well 
as A;(C*) and A3(CH?*) are all less than or equal to 15.6 
ev. Thus all the present electron impact data that may 
be interpreted in terms of the heat of atomization of 
methane and thus the heat of sublimation of graphite 
are only consistent with the so-called low value 136 
kcal/mole. 

The recent work of Goldfinger and co-workers” that 
indicates the accommodation coefficient of carbon atoms 
in graphite to be very small (<10-*) makes it possible to 
reconcile the electron impact values of the heat of 
atomization of methane and dissociation energy of 


21H. D. Hagstrum, Revs. Modern Phys. 23, 185 (1951). 
( 2 Doehaerd, Goldfinger, and Walbroeck, J. Chem. Phys. 20, 757 
1952). 
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carbon monoxide with the apparent heat of sublimation 
of graphite found from the effusion or evaporation 
experiments of Brewer, ef al.¥ and of Marshall and 
Norton.” Thus it is reasonable to take the Hagstrum 
value for the heat of atomization of methane, 15.63 ev, 
along with the presumably reliable D(CH;—H) =4.42 
and D(C—H)=3.47 to fix the sum of D(CH,—H) and 
D(CH—H) as 


D(CH.—H)+ D(CH— H) = 15.63 —4.42 
—3.47=7.74 ev. 


It was found above (Part I) that the three appearance 
potentials of CH.* lead to the two semi-independent 
determinations of D(CH.—H), 3.4 and 3.7 ev. The ap- 
pearance potentials of CH* in the methyl and methylene 
mass spectra give D(CH.—H)=3.6, while those of Ct 
in the same radicals give 4.3 and thus the unweighted 
mean of the values is D(CH:,—H)=3.7;+0.3. From 
the sum, D(CH.—H)++D(CH—H)=7.74, we then 
have, D(CH—H)=3.9,+0.3. With methane, CH,, 
as the ground state, the energy levels of CH; 
+(4—7)H(O< ;<4) and the heats of atomization 
A,(CH;) are: 


CH;+(4—7)H Energy—ev/molecule A,(CH)), 
CH, 0.00 15.63, 
CH,+H 4.42+0.03 11.2;, 
CH2+2H 8.17+0.3 76, 

H +3H 12.1,+0.3 3.4;, 
C +4H 15.6; +0.1 ree, 


It may be noted that the energy level of CH2:+2H 
with respect to methane 8.1;+0.3 ev/molecule corre- 
sponds to 3.63 ev/molecule for the endothermicity of the 


reaction, 
CH, = CH.+Ha. 


The value 3.69, for the heat of this reaction lies at the 
extreme of the range, 3.00.7 ev/molecule, deduced by 
Long” from consideration of the activation energy of the 
homogeneous pyrolysis of methane, the long wave- 
length limit of the photodecomposition of ketene and 
other kinetic considerations. 

It may be further noted that the suggestion of Long 
that an estimate of the heat of formation of diazomethane 
(2.0 ev/molecule, see foregoing) in combination with the 
long wavelength limit of the first continuum of the 
diazomethane absorption spectrum 4710 A according to 
Kirkbridge and Norrish** does not provide useful con- 
firmation of the energy level of CH2+H: with respect to 
methane. This method of calculation gives for 


CH,-CH:+H2, AH<5.4 ev. 
The inequality contains an unknown and at present 
unestimatable electronic excitation of CHe, visa 
CH2N2+/hv(4710 A) —>CH2+ V2. 


*3 Brewer, Gilles, and Jenkins, J. Chem. Phys. 16, 797 (1948). 
* Marshall and Norton, J. Am. Chem. Soc. 72, 2166 (1950). 
25 Long, Proc. Roy. Soc. (London) 198, 62 (1949). 

26 Kirkbridge and Norrish, J. Chem. Soc. 119 (1933). 
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The two determinations of the ionization potential of 
the methy] radical have given 10.0; and 9.8; ev. The best 
value is then 9.9,+0.1 and the energy of CH;++-H with 
respect to methane is 14.3s+0.1. The three appearance 
potentials of CH*, A,(CH:*), A2(CH2*), and A3(CH,*), 
when recalculated according to the relations of Table III, 
give for the level of CH.++2H with respect to CH,, the 
values, 19.93, 19.7.2 and 20.07, respectively, or 19.9, 
+0.14 as the best value. This corresponds to the best 
value for the ionization potential of methylene equal to 
11.7;. The three appearance potentials of CH*, A:(CH*), 
A»(CH*), and A;(CH*), according to the assignments 
of Table III, give for CH*+3H with respect to CHy,, 
23.4+0.2, 22.1+0.2, and 22.3+0.2, or 22.6+0.5 that is 
to be compared with the best value that may be pre- 
sumed to be the sum of the spectroscopic value of the 
ionization potential of CH, 7?(CH)= 11.13 and the level 
of CH+3H with respect to methane given above, 
12.1,+0.3, or CH*+3H at 23.29+0.3. It is of interest to 
note that the level of CH*+-3H deduced from A »2(CH*) 
and A;(CH*) and the assignments of Table III is in 
agreement with the appearance potential of CH* in the 
methane mass spectrum found by McDowell and 
Warren,’ and Geerk and Neuert,'° 22.4 and 22.5, 
respectively, rather than the higher value, 23.4 found by 
Smith’ and ourselves. 

The best value for the level of C*-+-4H with respect to 
CH, is the sum of the heat of atomization of methane, 
A,(CH,4)=15.6; plus the spectroscopic value of the 
ionization potential of the carbon atom, 11.26," or 
26.89. The three appearance potentials of Ct, A,(C*), 
A»(C*) and A;(C*) corrected according to the assign- 
ments of Table III give for this level 27.0, 26.7, and 
26.2, respectively, or 26.6-+0.3. It may be noted that 
whereas the value for this level deduced from the 
appearance potential of C+ in the methyl mass spectrum, 
26.7 is in agreement with the energy of this level ac- 
cording to both Smith’s'™ and our determination of the 
appearance potential of C* in the methane mass 
spectrum, the value from the appearance potential in 
the methylene mass spectrum 26.2 agrees with the 
energy from the McDowell and Warren determina- 
tion of the appearance potential of Ct in the methane 
mass spectrum. 

There are summarized in Table IV the successive 
dissociation energies of CH; and CH;* according to the 
best values of the energy levels of CH;+(4—)H and 
CH,++(4—7)H with respect to CH, given above. In 





TaBLE IV. Dissociation energies of CH; and CH;* ev/molecule. 





CH, CHat* 








Electron impact Voge* Electron impact 
D(CH3— H) 4.4.+0.03 4.54 1.3,+0.1 
D(CH2—H) 3.7;+0.3 4.14 5.54+0.2 
D(CH—H) 3.%+0.3 3.46 3.3740.2 
D(C—H) (3.47)> (3.60) 








® Reference 2 calculated under assumption that A:(CH4) =15.6 ev and 
D(C —H) =3.47. 
b Spectroscopic value, reference 7. 
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IONIZATION AND DISSOCIATION BY ELECTRON 


this Table IV there are also given for comparison the 
dissociation energies of CH; calculated by Voge.? Con- 
trary to an opinion expressed elsewhere by one of 
authors,”’ the electron impact data do not support 
Voge’s calculations other than in the case of D(CH;—H), 
except when the extreme range of uncertainty of 
D(CH2—H) and D(CH—H) are taken, i.e., D(CH.—H) 
=3.7;+0.3=4.0;and D(CH— H) =3.95—0.3 = 3.69. Pro- 
fessor E. B. Wilson has remarked”* that the more or less 
monotonic variation of D(CH;—H) with 7, causes the 
comparison of the experimental values with those of 
Voge’s calculations to be an insignificant test of the 
quality of the calculations since the latter are essentially 
interpolations. Thus a comparison of calculations of the 
dissociation energies of CH;* with the experimental 
values given in Table IV would be of considerable 
interest in view of the marked alternation of their 
magnitude. 


APPENDIX 


In addition to lead tetramethyl two other substances, 
mercury dimethy] and dimethy] disulfide, were found to 
be potentially useful sources of methyl radicals by 
pyrolysis in our furnace, while a number of others, 
azomethane, methyl! sulfide, methyl iodide, trimethyl- 
amine, ethane, methylether, and silicon tetramethyl 
gave no evidence of pyrolysis to methy] at temperatures 
less than 1000°C. In Figs. 3 and 4 there are shown the 
intensity of methyl ion in the mass spectrometer for 
constant flow rate of mercury dimethyl and dimethyl 
disulfide, respectively, as a function of furnace tempera- 
ture. Like lead tetramethyl, the yield of methyl from 
mercury dimethyl has a maximum value between 700 
and 800°C and then decreases rapidly, presumably due 
to a different mode of decomposition. The rate of de- 
crease with temperature above the maximum yield 
temperature is too rapid to be accounted for by 100 
percent decomposition of the metal alkyl and the 
normal decrease of mass spectrometer sensitivity with 
increasing gas temperature.” 
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Fic. 3. CH2* current as a function of temperature for constant flow 
of Hg(CH;)2—electron energy ~11.0 volts (corrected). 
es 


. D. P. Stevenson, Phys. Rev. 87, 195 (1952). 
* Private communication to D. P. S 


*D. P. Stevenson, J. Chem. Phys. 17, 101 (1949). 
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Fic. 4. CH;* current as a function of temperature for constant 
CH;SSCH; flow—electron energy ~11 volts (corrected). 


In contrast to the behaviour of the metal alkyls, it 
will be seen in Fig. 4 that the yield of methyl radicals by 
pyrolysis of dimethy] disulfide is still increasing rapidly 
at 1000°C, the nominal maximum attainable tempera- 
ture of the inlet furnace. 


OTHER DATA ON CH,* 


In addition to the four substances discussed previ- 
ously the appearance potential of the ion CH.* has been 
measured in the mass spectra of ethylene, ethane, 
methyl cyanide, methanol, and ethanol. It is of interest 
to examine the compatability of these data with the 
conclusion based on the measurements on methylene, 
methyl, and methane. The four substances, ethane, 
methyl cyanide, methanol, and ethanol can be written 
as 


H 


Fd 
\ \ 
x 


with X equal to methyl, cyanide, hydroxyl, and CH,OH 
respectively. Thus the lowest energy process for the 
formation of CH.+ from these four substances will be 


H,»CHX+e—CH,*+HX-+2e, 


and this type of process seems very probable in view of 
the fact that CH,* formation from methane (at the first 
appearance potential) proceeds by the process 


H2CH2+¢—CH.*+He242e-. 


The heats of formation from the elements in their 
standard state of HeCHX (gas) and HX are (ev/ 
molecule) 

AH ,°(H2CHX) 
—0.88 
+0.91 
— 2.09 
— 2.44 


AH (HX) 
~0.78 
+1.36 
—2.51 
— 2.09. 


H,CHCH; 
H,CHCN 
H,CHOH 
H,CHCH,OH 


If the heat of the reaction 
CH,= CH.+H, 
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is called AHz, then the heats of the four reactions of formation of CH»* are 
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AH ,(HX)+4H ;(CH,)— AH ;(H2CHX)+AH,+/2(CH2) 


H,CHCH; —0.78 —0.78 
H,CHCN +1.36 —0.78 
H,CHOH —2.51 —0.78 
H,CHCH.OH — 2.09 —0.78 











+0.88 +AH,+/2(CH2) 
—0.91 +AH,+/2(CH2) 
+2.09 +AH,+/2(CH:) 
+2.44 +AH.+/:(CH,), 





A min(CH2*) A min(CH2*) Aovs(CH:*) 
H,CHCH; —0.68-+-AH;+/2(CH2) 14.7¢ 16.3 +1 
H,CHCN —0.33+AH,+17(CH:) 15.1; 15.62+0.04 
H,.CHOH — 1.20+-AH,+/+(CH») 14.2, 15.4 +0.5 
H,CHCH.OH —0.43+AH,+1#(CH:) 15.0, 16.5 +0.5. 








The A min(CH:2*) given in the third column are calcu- 
lated from the second column taking for AH.+-J7(CH2) 
the ‘“‘best value” found above, 15.44 ev. 

The observed appearance potentials, given in the 
fourth column, range from 0.5 to 1.5 ev greater than the 
calculated values, A min(CH:*). In the first three cases 
any fragmentation of the neutral particle HX would 
require in excess of 3.5 ev, thus the process as written 
must be the correct one. The difference between the 
calculated and assumed values suggest that extra energy, 
either as kinetic energy or electronic excitation of the 
fragment is required for the formation of CH¢*, or that 
the value assigned to AH,+/*(CHz) is Jow. This latter 
possibility seems unlikely in view of the excellent 
agreement between the various measurements of the 
first appearance potential of CH,* in the methane mass 
spectrum. 

In the case of ethanol the difference between the 
calculated and observed energy of formation of CH:* 
can again signify an extra energy requirement in the 
form of kinetic energy or electronic energy of the 
fragments or that the process is more disruptive of the 
molecule than the assumed process. It requires +0.89 ev 
to dissociate methanol into hydrogen plus formaldehyde 
or 0.95 ev to dissociate methanol into two hydrogen 
molecules plus carbon monoxide. Thus the minimum 
energies for the reactions 


C.H,;OH+¢—CH,*+ H2+ H2CO+2e, 
C,H;OH+¢—CH:*+2H2+C0+2e, 











are 15.9) and 15.96 ev, respectively, both significantly 
less than the observed appearance potential of CH;* in 
the ethanol mass spectrum, 16.5-+0.5 ev. No final 
assignment of process can thus be made for CH;+ 
formation from ethanol. 

In the case of ethylene we may write 


C.H,+2H2=2CHg, AH=—2.10, 
e~-+CH,=CH,.*+H.2+2e-, AH=AH,+/7(CH)), 
CH,=CH.+H,, AH=AH,, 
or 
C.H,+e = CH.t+CH24+2e, 
A min(CH2*) = 2AH,+17(CH2)—2.10, 
or since 
AH,+/*(CH2) = 15.44, 
CoHy; Amin(CH2*) =AH.+13.3, ev. 
The best value assigned to AH, is 3.69 ev thus, C2H4; 


A min(CH:2*) = 17.03 ev, that is to be compared with the 
observed 


C:H,; A(CH2*+)=19.3+0.3 ev. 


Since further disruption of CH, to CH+H or C+H: 
would require 3.9) or 2.93 ev we may conclude that 
neutral CH, accompanies CH;* formation from ethylene 
and that the fragments share the order of 2 ev kinetic 
energy or one or both of the fragments is (are) elec- 
tronically excited. 
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It is assumed that the normal aliphatic hydrocarbons in their crystalline forms belong to the symmetry 
groups C2, (odd number of carbon atoms) or C2, (even number of carbon atoms), and that the selection rules 
for these symmetry groups hold exactly. It is then possible to work out a “theoretical distribution pattern” 
for the carbon-stretching modes, and for most types of the hydrogen deformation modes. Comparison of these 
patterns with available experimental data leads to a complete assignment of frequencies of these types in all 
the normal hydrocarbons for which data are available, and accounts satisfactorily for all spectral features for 
these materials in the solid and liquid state. The results might evidently be extended to other aliphatic series. 








UMEROUS authors have discussed the assign- 
ment of molecular vibration frequencies for indi- 
vidual hydrocarbons but, to the writer’s knowledge, 
there have been no attempts to do this systematically 
for a number of members of the series except for a paper 
by Brown, Sheppard and Simpson! which discusses 
some compounds with an even number of carbon atoms. 
In the present work, full use is made of the spectra of 
the normal paraffins in the solid state where differences 
between members of the series with even and with odd 
numbers of carbon atoms first make themselves felt and, 
proceeding from the interpretation of these data, a 
complete assignment is proposed for the hydrogen- 
deformation and carbon-stretching frequencies which is 
shown to apply to all available spectra, and can 
undoubtedly be extended to normal paraffins of arbi- 
trary length. 


GENERAL FEATURES OF THE PARAFFIN SPECTRA 


In Fig. 1(a) are shown, schematically, the positions of 
infrared absorption maxima for the normal paraffins in 
the solid state together with an indication of estimated 
intensities (line lengths). These were taken from the 
work of Axford and Rank? for the C, to C; compounds, 
and from that of Brown et al.' for the Cs to Cio materials. 
The infrared spectra of the n-Paraffins C, to Cio in the 
liquid state, and some individual members in the solid 
state, were also measured in the writer’s laboratory 
using a Perkin-E]lmer-Model-12C-Spectrometer. How- 
ever, since the results agreed completely with those of 
the above references they will not be further discussed 
here. Similarly, the Raman spectra for the liquids with 
their corresponding intensities are shown in Fig. 1(b). 
These were taken from the compilation in “Landolt- 
Bornstein” augmented by the more recent measure- 


* This material was presented in abridged form in the course of 
a meeting of the “Verein Oesterreichischer Chemiker”’ in the fall of 
1952 in Graz. 

t Present address: European Research Associates, S. A., Brus- 
sels, Belgium. 

‘Brown, Sheppard, and Simpson, Discussions Faraday Soc. 9, 
26 (1950). 

*D. W. E. Axford and D. H. Rank, J. Chem. Phys. 17, 430 
(1949) and 18, 51 (1950). 
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ments of Sheppard and Szasz,’ Simanouti and Mizu- 
shima,‘ and Cleveland and Porcelli.§ 

When arranged in this way [Fig. 1(a) ], the array of 
infrared frequencies for the series is seen to possess the 
following easily recognized characteristics: 


(a) A band (sometimes a doublet) of constant frequency 
at ca 1460 cm~. This band is known to be associated 
with the H—C—H scissor frequencies of CH2 and 
CH; (antisymmetric) groups. 

(b) A constant frequency band at 1380 cm—. This band 
is undoubtedly to be associated with the symmetric 
H—C—H scissor frequency of the CH; end groups as is 
further established by a study of other organic com- 
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Fic. 1. (a) The infrared spectra of solid n-paraffins (n-butane to 
n-decane). [The positions of the lines indicate the band maxima, 
the lengths of them the estimated intensities ]. (b) The Raman 
spectra of the same liquid n-paraffins. 








3.N. Sheppard and G. J. Szasz, J. Chem. Phys. 17, 86 (1949). 
4T. Simanouti and S. Mizushima, J. Chem. Phys. 17, 1102 and 
1321 (1949). 
6 30) F. Cleveland and P. Porcelli, J. Chem. Phys. 18, 1459 
1950). 
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TABLE I. Symmetry classes and number of vibrations in each class for the odd and even n-paraffins from C4—Cyo. 














CH wagging CH: twisting C —C stretching CHe rocking CHs wagging CHs rocking 
n-Propane B, As Ai By B, Ai B, Ao Bp 
n-Pentane A 2B, 2A> Bz 2Ai 2B: As 2B, Ai B, As B, 
n-Heptane 2A; 3B, 3A2 2B, 3A, 3B; 2Ao 3B, Ai By Ao By 
n-Nonane 3Ai 4B, 4A. 3B2 4Ai 4B, 3Ae 4B, Ai B, A» B, 
n-Butane Ag Bu Au Bg 2Ag Bu Au Bg Ag Bu Au Bg 
n-Hexane 2Ag 2Bu 2Au 2Bg 3Ag 2Bu 2Au 2Bg Ag Bu Au Bg 
n-Octane 3Ag 3Bu 3Au 3Bg 4Ag 3Bu 3Au 3Bg Ag Bu Au Bg 
n-Decane 4Ag 4Bu 4Au 4Bg 5Ag 


4Bu 4Au 4Bg Ag Bu Au Bg 














pounds containing methyl groups. It is very noticeable, 
however, that in spite of the decreasing contribution of 
methyl groups as the chain length increases, the in- 
tensity of the band remains substantially constant. 

(c) A zone of bands between 1300 cm- and 1200 cm~. 
Here, at the 1300 cm™ zone boundary, there is a 
constant-frequency, infrared active band which becomes 
a doublet in the higher members of the series with an 
even number of carbon atoms. Beginning with C,, there 
is also an infrared active branch, decreasing in frequency 
with increasing chain length, which appears only in the 
members with an even number of carbons (this series is 
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represented in Fig. 1(a) by the seventh band for Cg, and 
by the sixth bands for Cs and Cy counting from the 
left). 

(d) A zone between 1200 cm and 1100 cm-'. Two 
constant frequency bands, which occur only in the odd 
paraffins, are observed in this region. 

(e) A zone from 1100 cm to 880 cm~. Here is found 
a bell-shaped pattern of bands with its apex near 960 
cm! in n-butane and spreading out toward the zone 
boundaries with increasing chain length. These infrared 
active bands are especially numerous between 1100 
cm and 1000 cm™. 
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Fic. 2. (a) The theoretical distribution pattern for the CH rocking frequencies of the n-paraffins with an odd (left side) and 
even (right side) number of C atoms. (A single line indicates an infrared active frequency, a line with a head a Raman active one 


and a cross-hatched line a frequency active in both.) (b) The actual spectral positions for the CH: rocking modes. 
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Fic. 3. (a) The theoretical distribution pattern for the C—C stretching frequencies of the n-paraffins with an odd (left side) and 
even (right side) number of C atoms. (A single line indicates an infrared active frequency, a line with a head a Raman active one 
and a cross-hatched line a frequency active in both.) (b) The actual spectral positions for the C—C stretching modes. 
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Fic. 4. (a) The theoretical distribution pattern for the CH: wagging frequencies of the n-paraffins with an odd (left side) and 


even (right side) number of C atoms. (A single line indicates an infrared active frequency, a line with a head a Raman active one 
and a cross-hatched line a frequency active in both.) (b) The actual spectral positions for the CH. wagging modes. 


















(f) A zone between 880 cm and 725 cm. In this 
region is found an intense, nearly constant, frequency 
band at the low-frequency zone boundary and two 
clearly visible branches running toward this frequency. 


An examination of Fig. 1(b) reveals the following 
structural characteristics of the array of Raman fre- 
quencies of the normal paraffins: 


(a) A constant-frequency doublet near 1450 cm~. This 
undoubtedly has the same origin as the corresponding 
infrared bands. 

(b) A weak, constant frequency line at 1375 cm. 
Although, again, the origin is the same as that of the 
infrared bands, it is noticeable that the intensity regu- 
larly increases with increasing chain length. 

(c) A zone of lines between 1300 cm™ and 1190 cm. 
A constant-frequency, Raman-active line occurs at the 
upper-zone boundary and increases regularly in in- 
tensity down the series. A further Raman-active branch 
begins at C, and occurs in all members. 

(d) A zone between 1180 cm— and 1120 cm-. In this 
region occur two almost constant-frequency, Raman- 
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Fic. 5. (a) The theoretical distribution pattern for the CH; 
wagging and rocking frequencies of the n-paraffins with an odd and 
even number of C atoms. (A single hne indicates an infrared active 
frequency, a line with a head a Raman active one and a cross- 
hatched line a frequency active in both.) (b) The actual spectral 
positions for the CH; wagging and rocking modes. 
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active lines in all members of the series, and in all cases 
the line at lower frequency is the more intense. 

(e) A zone between 1100 cm and 820 cm. This 
region is fairly uniformly populated with lines but there 
is a very noticeable tendency for those near the two zone 
boundaries to be more intense. 

(f) A zone between 820 cm and 720 cm-. Here at 
least three easily recognizable Raman-active branches 
move toward the lower-zone boundary with increasing 
chain length. 


NORMAL FREQUENCIES TO BE ASSIGNED 


It is now necessary to enumerate the types of normal 
vibrations which occur in the frequency range which is 
the subject of this paper. These are 


1. The H—C—H scissor frequencies of the CH: 
groups. These were mentioned above and will not be 
further treated. 

2. The antisymmetric H—C—H scissor frequencies 
of the CH; end groups (same comment as under 1 
above). 

3. The symmetric H—C—H frequencies of the CH; 
end groups (same comment). 

4. The H—C—C wagging frequencies of the CH; 
groups. The possible number of frequencies of this type 
is the same as the number of CH: groups or n—2 for an 
n-carbon paraffin. 

5. The H—C—C wagging frequencies of the two CH; 
groups. Two frequencies of this type occur in each 
member of the series independently of n. 

6. The H—C—C twisting frequencies of the CH: 
groups. Again n—2 such frequencies should occur. 

7. The C—C stretching frequencies. These should 
occur to the number n—1 in an n-carbon paraffin. 

8. The H—C—C rocking frequencies of the CH; 
groups, which occur to the number of two per molecule 
independently of n. 

9. The H—C—C rocking frequencies of the CH: 
groups which occur to the number n—2. 


ASSIGNMENT OF FREQUENCIES 


If it is assumed that the solid normal paraffins with an 
uneven number of carbons have the symmetry C2,, 
while those with an even number of carbons have the 
symmetry C2,, then the vibrations listed under points 4 
to 9 of the last section will be divided among the 
symmetry classes of these groups as shown in Table I. 
We now wish to use the selection rules inherent in these 
symmetry classes together with a minimal number of 
well-established experimental data to arrange the fre- 
quencies available for assignment into such a form that 
comparison with the pattern discussed in the first 
section leads to a straightforward and complete assign- 
ment. The supplementary experimental data selected to 
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Fic. 6. (a) The theoretical distribution pattern for the CH2 twisting frequencies of the n-paraffins with an odd (left side) and even 
(right side) number of C atoms. (A single line indicates an infrared active frequency, a line with a head a Raman active one and a 
cross-hatched line a frequency active in both.) (b) The actual spectral positions for the CH2 twisting modes. 


assist in locating the characteristic patterns of fre- 
quencies for the different oscillation types within the 
whole spectrum are the following: 


(a) The infrared-active frequency at 720 cm™ in 
gaseous propane can, on the basis of the band shape as 
well as the comparison of the spectra of CH;—CH» 
—CH;/CH;—CD2—CH; and CD;CH:CD;,° be un- 
equivocally assigned to the CH» rocking frequency. 

(b) The completely symmetric C—C stretching fre- 
quency, which is always strongly Raman-active and 
polarized but only weakly infrared-active, invariably 
occurs at the lowest frequency of all the expected C—C 
stretching modes. 

(c) As in (a) above the gaseous propane frequency at 
1300 cm~ can be unequivocally assigned to the CH, 
wagging mode. 

(d) In any homologous series, the frequencies as- 
sociated with end groups are generally of quite constant 
frequency. 


It has already been pointed out that the experimental 
data on the solid hydrocarbons show regularities which 
are most naturally interpreted as the operation of 





ase L. McMurry and V. Thornton, J. Chem. Phys. 19, 1015 
51). 


selection rules. If both infrared and Raman spectra 
were available on the solids, it should be possible to pick 
out patterns of lines in each spectral region which 
satisfy the selection rules and thus arrive at an assign- 
ment. Unfortunately, the Raman spectra of the solids 
are, due to experimental difficulties, extremely frag- 
mentary ; only a fraction of the expected lines is actually 
observed. This complicates the assignment since in the 
liquid state, as will be seen below, all evidence indicates 
that at least a considerable fraction of the molecules 
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Fic. 7. The zone boundaries for the different vibration types. 
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Taste II. Assignment of the infrared frequencies in the solid and liquid, and of the Raman lines in liquid state and such as occur in 
the solid state to the CH rocking modes of the n-paraffins Cy— Cy. 























Infrared Raman 
Liquid Solid Liquid Solid 
n-Paraffin: gauche planar cis trans gauche planar cis trans 
_ a 732(A,) 
n-Butane 809 789(B,) 
728(Bz) 734 734(Be) 
n-Pentane 764 764(Ao) ; 
861 (Bz) 864 864(Be) 869 (Bs) 
725 725(A,) 726(A,) 729 
H . 758 760 746(B,) 
— 795 795(A,,) 794(A,,) 794 
903 900 900(B ,) 898(B,) 
723 723 (Be) 724(Be) 721 721(B2) 
741 742 742 (Az) 
n-Heptane 773 773 (Bz) 773 (Bs) 775 775(Bz) 
831 829 829(A2) 
928 928 (Be) 930(B2) 930 930(Be) 
722 722(A,) 722(A.) 723 . 
735 735 735(B,) 
763 763(A,) 748(A,,) 765 
n-Octane 793 815 815(B,) 
877 877(A,) 864(A,,) 861 
966 953 953(B,) 
723 723 (Bz) 721 (Be) 721 721(Bz) 
723 721 721(A2) 
753 753 (Bz) 736(Be) 751 751(Bz) 
n-Nonane 771 781 781 (Ae) 
829 829(B2) 826(B2) 820 820(Bz) 
872 871 871(Ag) 
972 973(Bz) 962(B2) 970 970(B2) 
722 722(A,) 720(A,,) 723 
722 723 723(B,) 
740 740(A,,) 730(A,) 744 
, : 768 772 772(By) 
n-Decane 795(A,) 810 
844 844(B,) 
918 918(A,,) 912(A,,) 921 
971 971(B,) 








rotate into configurations of lower symmetry (probably 
C2) in which all frequencies are permitted in both 
infrared and Raman spectra. Nevertheless, it turns out 
that the clue given by the infrared spectra of the solids 
compared with the Raman spectra of the liquids is 
sufficient to permit the selection of a pattern of bands 
and lines for each type of motion which satisfies the 
selection rules insofar as they are applicable, which is 
confirmed in all cases by those Raman lines which occur 
in the solids, and which lays a thoroughly reasonable 
groundwork from which the remaining features of all the 
spectra can be successfully accounted for. What has 
been said in this paragraph is tantamount to the addi- 
tional reasonable assumption that the observed regu- 
larities in the experimental patterns is the result of the 
tendency of the frequencies of a given type to appear in 
their own spectral region (although the regions for 
different types may overlap), and that the regularities 
are strictly governed by the selection rules which are 





applicable. From this assumption, it follows that a 
theoretical distribution pattern can be prepared for each 
type of motion using the data above together with the 
breakdown into symmetry classes shown in Table I. It 
is the comparison of this theoretical distribution pattern 
with experiment which leads to the assignment pro- 
posed. 

As a detailed example of the procedure followed we 
take the CH: rocking frequencies. From (a) above we can 
locate the single frequency of this type for propane: it 
belongs to Be and hence is infrared and Raman-active. 
In butane, according to Table I, there occur two such 
frequencies; A, (infrared-active) and B, (Raman- 
active). Referring to Fig. 1, we find the A, mode im- 
mediately at a slightly lower frequency than the propane 
band and further note in the Raman spectrum a line at a 
somewhat higher frequency having no infrared analogue. 
In pentane there are two Bz (infrared and Raman- 
active) frequencies one of which evidently continues 
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the low frequency branch, while the second starts a new 
branch at a higher frequency. Between the two occurs 
the Raman line belonging to A» and having no infrared 
analogue. Continuing in this way, the theoretical distri- 
bution pattern shown schematically in Fig. 2(a) is 
established (for greater clarity, the even and odd 
numbers have been separated). In this figure, a single 
line means only infrared active, a line with a head only 
Raman-active, while a cross-hatched line should appear 
both in the Raman and infrared spectra. The actual 
spectral positions for the CH» rocking modes taken 
from Fig. 1 are redrawn on a larger scale in Fig. 2(b) and 
the different branches connected. 
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Removing the CH: rocking frequencies which have 
now been assigned, we proceed to the assignment of the 
C—C stretching modes for which the theoretical distri- 
bution pattern shown in Fig. 3(a) can be obtained as 
above, making use of the information from (b) to locate 
the pattern in the spectrum and taking full account of 
the polarization of the Raman lines. The assignment is 
given in Fig. 3(b). 

Proceeding in exactly the same manner, the CH» 
wagging modes may now be assigned since, by reference 
to (c), and comparison with Fig. 1, we note that they 
are well separated from other modes. The theoretical 
distribution pattern is shown in Fig. 4(a), and the actual 


TaBLe ITI. Assignment of the infrared frequencies in the solid and liquid, and of the Raman lines in liquid state and such as occur in 
the solid state to the C—C stretching modes of the n-paraffins C4— Cio. 























Infrared Raman 
Liquid Solid Liquid Solid 
n-Paraffin: gauche planar cis trans gauche planar cts trans 
837 837(A,) 837(A,) 
n-Butane 958(B..) 955 
1057 1057(A,) 1059(A,) 
n-Pentane 919(B,) 904 904(B1) 
: 1025(Aj) 1025 1035(A1) 1031(A,) 
1067 (B;) 1072 1072(B;) 1069(B,) 
868 868 826(A,) 
888 882(B.,) 884(B,) 890 
n-Hexane 1004 1005 1005(A,) 1005 (A,) 
1040 1058(B,,) 1057(B,,) 1040 
1080 1080(A,) 1064(A,) 
864 864(A,) -++ (Ay) 838 851(A)) 
873 885 (B:) 875(B,) 888 888 (B,) 
ii ie 900 900(A1) 908(A:) 901 909(A,) 905 (Au) 
at 1055(B,) 1057 1057(B:) 1056(B:) 
1070 1070(A,) 1075(A;) 1044 1071(A;) 1072(A;) 
1080 1080(B,) 1075(B,) 1086 1086(B:) 
842 843 815(A,) 
891 877(B.,) 881(B.,) 878 
898 896 896(A,) 899(A,) 
n-Octane 1020(B,,) 1026 
1060 1060(A,) 1062(A,) 
1078 1078(B,) 1088(B,) 1083 
1078 1083 1083 (A,) 
889 889(B:) 889(B;) 892 892(B;) 888(B:) 
889 889(A;) 889(A,) 892 892(A,) 888(A1) 
patie 953 973(Bs) 962(B1) 970 970(Bs) 
; 1030 1030(A,) 1029(A,) 1019 1019(A;) 
1062 1062(B:) 1063 (B;) 1062 1062(B;) 1060(B,) 
1087 1087 (A;) 1094(A)) 1082 1082(A:) 
1087 1087 (B;) 1094(B,) 1D82 1082(B,) 
844 810(A,) 
894 894(B,,) 890(B,,) 886 
898 898(A,) 886(A,) 
918 918(B.) 912(B.,) 921 
n-Decane 1015 1008 1008 (A,) 
1034(B,,) 1023 
1062 1062(A,) 1060(A,) 
1090 1090(B,,) 1103(B.,) 1092 


1078 


1080 
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assignment in Fig. 4(b). Furthermore, making use of (d) 
we can immediately assign two of the four possible CH; 
modes to the bands between 1100 cm and 1200 cm“, 
again in accord with the selection rules and the polariza- 
tion of the Raman lines (see Fig. 5). Having proceeded 
this far and removed the assigned bands and lines from 
Fig. 1 we are left with those which are to be assigned to 
the CH> twisting modes and to the remaining two CH; 
frequencies. Taking into account some overlapping in 
especially congested regions, the given assignments 
which are believed to be the best possible at present are 
shown in Figs. 5 and 6(b), in full agreement with the 
selection rules and the theoretical distribution pattern 
of the CH: twisting modes in Fig. 6(a). It should be 
remarked here that the end-group assignments, although 
reasonable, are not entirely unequivocal. 

Finally, in Fig. 7, the zone boundaries for each of the 


HUBERT TSCHAMLER 


vibration types are assembled on a diagram similar to 
Fig. 1. From this, it is immediately seen that there is 
substantially no overlapping of the different regions 
below C;. This shows that for the lowest members of the 
series the representation by models corresponds, in 
large measure, to actuality. These models begin to lose 
their value as the overlapping of the zones with in- 
creasing chain length shows that the localization of the 
different modes in a characteristic frequency range 
becomes a progressively poorer approximation even 
though, as seen from above, it is still possible to arrive at 
reasonable assignments for the members above pentane 
by extrapolation of the frequencies for the lower 
members. 

In a work to be published, the methods herein de- 
scribed will be extended to the series CH;— (CHez),X(X 
=Cl, Br) and the series Y— (CH2), Y (Y =COOH, Br). 


TABLE IV. Assignment of the infrared frequencies in the solid and liquid, and of the Raman lines in liquid state and such as occur in 
the solid state to the CH2 wagging modes of the n-paraffins Cy;— Co. 














Infrared Raman 
Liquid Solid Liquid Solid 
n-Paraffin: gauche planar cis trans gauche planar cis trans 
1299(B,) 
Gian 1301 1301(A,) 1300(A,) 
1265(B:) 1264 1264(B:) 
n-Pentane 1308(A:) 1302 1302(A;) 1303(A;) 
-++ (Bi) ana cae 
1250 1250(B,) 1246(B,,) 1250 eas’ 
1304 1302 1302(A,) 300(A,) 
n-Hexane 1343 1343(B,) a+ ks 1343 ; 
1366 1366(A,) 
1237 1237(B;) 1232(B:) 1237 1237(B:) 
meee 1264 1264(A;) 
n-Heptane 1307 1307(B;) 1300(B; 1298 1298(B:) 1296(B:) 
1343 1343(A;) 1342(A,) 1342 1342(A)) 
1380 1380(B;) 1377(B,) 1364 1364(B;) 
1227 1227(B,,) 1218(B.) 1226 
1301 1299 1299(A,) 1297(A,) 
1301 1301 (B,,) 1303(B.) 1299 
n-Octane 1343 1342 1342(A,) 
1380 1380(B,,) 1378(B,) 1386 
1380 1386 1386(A,) 1384(A,) 
1220 1220(B:) 1215(B,) 1217 1217(B;) 
1265 1265(Ai) 1243(A;) vy woe (Ay 
1292 1292(B,) 1298(B1) 1299 1299(B;) 1297(B:) 
n-Nonane 1307 1307(A1) 1298(A:) 1299 1299(A,) 1297(A;) 
1343 1343(B,) -++ (By) 1340 1340(B;) 
1380 1380(A1) 1376(A1) 1365 1365(A;) 
1380 1380(B,) 1376(B;) 1365 1365(B;) 
1215 1215(B,) 1208(B.) 1211 
1250 1250 1250(A,) 
1307 1307(B.) 1303(B,) 1301 _— 
ili 1307 ii 1301 1301(A,) 1295(A, 
1343 1340 1340(A,) 
1380 1380(B,,) 1378(B,) 





1366 1366(A,) 
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FREQUENCY 


ASSIGNMENTS FOR NORMAL ALIPHATIC COMPOUNDS 1853 


TaBLE V. Assignment of the infrared frequencies in the solid and liquid, and of the Raman lines in liquid state and such as occur in the 
solid state to the CH; wagging and rocking modes of the n-paraffins C,—Cyo. 








Infrared 
Liquid 


n-Paraffin: gauche planar 


Raman 
Liquid 
gauche planar 


Solid 
trans 





n-Butane 


965(B:) 
1138(A)) 


Io 
n-Pentane 1176(B») 


1004(B.,) 


n-Hexane 
1298(A,,) 


987 (B,) 
1138(A;) 


-++ (B)) 
1137(A:) 


n-Heptane 1176(B2) 


1005(B.) 


n-Octane 
1283(A,) 


987 (B;) 
1134(A)) 


--+ (Bi) 
1138(A)) 


n-Nonane 1178(Be) 


1005(B.) 


1293 (Au) 


980 
1150 
1163 
1281 


1150(A,) 
1168(B,) 


1151(A,) 


953 953(B1) 
1142 1142(A,) 
1165 1165(Bz2) 
1302 1302(A2) 


1145(A;) 


1005 
1140 
1165 
1302 


1140(A,) 
1165(B,) 


1143(A,) 


988 988 (B;) 
1139 1139(A,) 
1163 1163 (Be) 
1281 1281 (A2) 


1108(B.,) 999 


1137 
1162 


1137(A,) 
1162(B,) 


1138(A,) 


1286(A,) 


970 970(B) 
1134 1134(A;) 
1159 1159(B2) 
1299 1299(A2) 


1136(A,) 
1297 (As) 


oe (B,,) 


n-Decane 
1280(A,,) 


1283(A.) 


1133 
1161 
1271 


1133(A,) 
1161(B,) 


1136(A,) 

















CONCLUSIONS 


Starting from the above assignment of the infrared 
spectra of the solid hydrocarbons together with system- 
atically selected lines from the liquid Raman spectra, it 
should be possible to account for all the infrared and 
Raman frequencies in this region observed in the various 
states of aggregation. A number of investigators’ have 
shown that it is very probable that the planar form of 
highest symmetry (C2, or Cx), which exists exclusively 
in the crystalline solid, partially reverts to forms of 
lower symmetry in the liquid by rotation about the 
carbon-carbon bonds. In all probability the structures 
thus achieved are “gauche” forms of symmetry C2. If 
this is the case, the selection rules permit all modes of 
vibration to occur both in the infrared and Raman 
spectra. Evidently, it is also to be expected that the 


” Mizushima, Morino, and Nakamura, Sci. Papers Inst. Chem. 
Research (Tokyo) 37, 208 (1940); H. J. Bernstein, J. Chem. Phys. 
17, 256 (1949); Mizushima, Morino, Watanabe, Simanouti 
and Yamaguchi, J. Chem. Phys. 17, 591 (1949); Mizushima, 
mea Nakagawa, and Miyake, J. Chem. Phys. 21, 215 


frequencies for the “gauche” forms might be slightly 
shifted with respect to those for the planar form, due to 
changed group interactions, although this is expected to 
be a small effect. Proceeding from the above assump- 
tion, the assignments listed in Tables II to VI have been 
made. These account for all the Raman and infrared 
frequencies reported in the literature for the region in 
question, and it is particularly gratifying that so many 
frequencies can be explained in such a completely 
straightforward way on the basis of so reasonable an 
assumption. It is notable that a few lines appear to be 
missing and it was not possible to obtain complete 
agreement with the work of Szasz and Sheppard* and 
Szasz, Sheppard, and Rank® who sorted the Raman 
frequencies for the symmetric and less symmetric (low 
energy and high energy) forms on the basis of measure- 
ments at two temperatures. On the other hand, the 
spectra of these workers did not contain the number of 
frequencies in this region to be expected from the 
selection rules. 


8 Szasz, Sheppard, and Rank, J. Chem. Phys. 16, 704 (1948). 
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TaBLE VI. Assignment of the infrared frequencies in the solid and liquid, and of the Raman lines in liquid state and such as occur in the 
solid state to the CHe twisting modes of the n-paraffins Cy— Cio. 














Infrared Raman 
Liquid Solid Liquid Solid 
n-Paraffin: gauche planar is trans gauche planar 


1077 1077(B,) 





n-Butane = 


990 990 (Az) 
n-Pentane 1080(B») 1072 1072(Bz) 1072(B:) 
eee eee (Az) 


976 952(B,) 
ts 1068(A,,) 1066(A,.) 1065 
semen 1140 1140(B,) 1143(B,) 
1225(A,,) 1219(A,,) 1220 


960 960(A2) 
1020(B2) -++ (By) 1023 1023 (Bz) 1028(B2) 
n-Heptane 1057 1057 (Az) 1056(Az) 
1138(Bs) 1137 (Be) 1139 1139(B») 1139(B;) 

1206 1206(A:) 


970 970(B,) 
1005(A,,) 1008(A,,) 999 
as 1045 1045(B,) 1045(B,) 
n-Octane 1058(A,,) 1060 
1137 1137(B,) 1138(B,) 
1200(A,,) ; 1205(A,) 1199 


970 970(Az2) 

1012(B») 1012(B,) 1019 1019(Be) 

eee »++ (Ad) 

n-Nonane 1043 (Be) 1049(B») 1046 1046(B.) 
1062 1062 (A2) 1060(A2) 
1134(B») 1138(B») 1134 1134(Bs) 1136(B;) 

1192 1192(A,) 


952 952(B,) 
980(A.,) 991 
1023 1023(B, 
a 1034(A,,) 
n-Decane ‘ 1047 1047(B,) 
1062(A,,) 1062 
1133 1133(B,) 
1195(A,) 1189 


It is a pleasure to acknowledge indebtedness to Mr. _ bridge, England, for a short discussion, and to Dr. R. H. 
H. Voetter of the Technische Hochschule in Vienna, for Gillette of European Research Associates, Brussels, for 
his valuable assistance in assembling and organizing the many helpful discussions, and for translating the 
considerable mass of material, to N. Sheppard, Cam- manuscript. 





NT 
sp 
provic 
molec 
the g 
compé 
vanta; 
associ: 
absor] 
affecte 
where 
when 
sorptir 
solid s 
An 
invest 
pound 
practi 
prope! 
metho 
prope} 
Recen 
nique 
the so 
introd 
The 
the st 
pound 
solven 
due to 
of the 
solven 
are thy 


* Pre 
of the 1 
Chicag: 

t Me 
Notre | 


THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 22, 


NUMBER 11 NOVEMBER, 1954 


Potassium Bromide Disk Method for the Infrared Studies of Coérdination Compounds* 


Tuomas J. LANE, D. N. SEN, AND J. V. QUAGLIANOt 
Department of Chemistry, University of Notre Dame, Notre Dame, Indiana 


(Received April 19, 1954) 


The infrared absorption of tetrakis(ethylenethiocarbamide)copper (I) nitrate, ethylenethiocarbamide, and 
potassium nitrate have been measured by the potassium bromide disk method. The assignment of the 
frequencies of ethylenethiocarbamide explains that part of the spectrum (the wavelength region between 7 
and 13 microns) in which various CH2 deformation frequencies are expected to appear. Generally speaking 
the infrared spectrum of tetrakis(ethylenethiocarbamide)copper (I) nitrate can be regarded as the superposi- 
tion of the spectra of ethylenethiocarbamide and potassium nitrate, except for the absorption peaks at 9.6 
and 14 microns, which do not appear in the infrared spectra of ethylenethiocarbamide and potassium nitrate. 
It is interesting to note that these wavelengths correspond to the Raman frequencies (1050 cm™ and 720 
cm™) of potassium nitrate, which should be infrared-inactive. The appearance of these frequencies in the 
absorption spectrum is explained by the distortion of the nitrate ion in tetrakis(ethylenethiocarbamide) 


copper(I) nitrate. 


INTRODUCTION 


NTERESTING and important studies of absorption 

spectra of inorganic compounds in solvents have 
provided much information regarding the structures of 
molecules. In addition, spectral studies of substances in 
the gaseous, liquid and solid states permit a useful 
comparison of the entities present. It is of great ad- 
vantage to work with solutions, and for the study of 
association of molecules, it is necessary. However, the 
absorption spectra of many substances in solution are 
affected by the nature and role of the solvent. In cases 
where fundamental changes take place upon solution or 
when solids are insoluble in suitable solvents, the ab- 
sorption spectra of compounds are best studied in the 
solid state. 

An examination of the literature reveals few spectral 
investigations of solid inorganic codrdination com- 
pounds. It seems desirable, both from theoretical and 
practical considerations, to investigate the spectroscopic 
properties of solid inorganic compounds, since this 
method should prove valuable in studies of the structural 
properties of ligands codrdinated about a central atom. 
Recently an extremely interesting and important tech- 
nique for obtaining absorption spectra of compounds in 
the solid state employing potassium bromide disks was 
introduced by Stimson and O’Donnell.! 

The potassium bromide disk method is most useful in 
the study of the spectra of inorganic codrdination com- 
pounds, since generally these are insoluble in suitable 
solvents, or are chemically reactive with the solvents or, 
due to the unstable oxidation state of the central metal 
of the complex, undergo auto oxidation reduction in 
solvents. Other general advantages of the disk method 
are the absence of objectionable absorption peaks of the 

* Presented in part before the Physical and Inorganic Division 
of the 124th National Meeting of the American Chemical Society, 
Chicago, Illinois, September 1953. 

_t Member, Radiation Project operated by the University of 
Notre Dame and supported in part under U. S. Atomic Energy 
Commission Contract AT(11-1)-38. 


'M. M. Stimson and M. J. O’Donnell, J. Am. Chem. Soc. 74, 
1805 (1952). 


dispersing medium, the ease of preparation and the 
control of concentration of samples for analyses. Fur- 
thermore, a greater resolution is obtained in many cases 
than by conventional methods. An infrared study of 
tetrakis (ethylenethiocarbamide) copper (I) nitrate, a 
complex containing a central metal ion. in an unstable 
oxidation state, was carried out by means of the 
potassium bromide disk method. 


EXPERIMENTAL 
Absorption Spectra 


Measurements of the inorganic complex were made 1n 
the solid state using the potassium bromide disk method, 
introduced by Stimson and O’Donnell' for the infrared 
and ultraviolet studies of solid organic compounds. The 
potassium bromide used in the preparation of the disks 
was reagent grade, spectrophotometrically pure, ground 
to 200 mesh or better and dried in an oven at 110° for 
several days. Samples of 2 mg of the complex were 
mixed and ground with 298 mg of potassium bromide 
powder in an agate mortar with successive mixing and 
grinding for five minutes. A disk of pure potassium 
bromide of the same weight present in the sample disks 
was used as the comparison plate. A Perkin-Elmer 
model 21 double beam recording infrared spectropho- 
tometer was used to obtain the infrared spectra in the 
wavelength region from 2 to 15 microns. 


Preparation of Compound 


Matheson reagent grade ethylenethiocarbamide was 
twice recrystallized from water. Tetrakis(ethylene- 
thiocarbamide)copper(I) nitrate was prepared essen- 
tially according to the directions of Morgan and 
Burstall? by mixing warm aqueous solutions of ethylene- 
thiocarbamide and copper(II) nitrate (Baker’s analyzed 
reagent). After the green color faded and sulfur sepa- 
rated, the solution was boiled gently while stirring. A 
small amount of “‘Norite”’ charcoal was added to remove 


2G. T. Morgan and F. H. Burstall, J. Chem. Soc. 131, 147 


(1928). 
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Fic. 1. Infrared absorption spectra. The spectra were determined in the KBr disks. 


the slight yellow coloration and to adsorb the colloidal 
sulfur. On cooling, the clear filtrate deposited shining, 
colorless crystals which were purified by recrystallizing 
twice from warm water. 

Anal. Calcd. for (Cu{SC(NHCHz2)2}4 INO3: C, 26.93; 
H, 4.50; S, 23.96; N, 23.56. Found C, 27.27; H, 4.46; 
S, 23.71; N, 23.66. 


RESULTS AND DISCUSSION 


The infrared absorption spectra of ethylenethio- 
carbamide, _ tetrakis(ethylenethiocarbamide)copper (I) 
nitrate and potassium nitrate in potassium bromide 
disks are given in Fig. 1. 

The peaks at 3.08u and 3.48u observed for both the 
complex and the ligand can be assigned, respectively, to 
the NH and CH: stretching frequencies. The corre- 
sponding deformation frequencies are observed in the 
longer wavelength region (longer than 6u). Thus, the 
band at 6.6u of tetrakis(ethylenethiocarbamide)copper- 
(I) nitrate and ethylenethiocarbamide can be assigned 
to.NH deformation and that at 7.2u of the complex to 
the overlapping of the CH: deformation vibrations and 
one of the NO; vibrations and possibly to C=S 
vibration. 

We may consider the vibrations of the —CH.—CH:— 
grouping of the ligand to be similar to those of the 
normal vibrations of the gauche form of 1,2-di- 
chloroethane for which Nakagawa and Mizushima’ 
have made calculations. According to these calculations 
the bands observed at 7.65u and 7.84u may tentatively 
be ascribed largely to CH» wagging vibration; those at 
8.3u and 8.43u to CH: twisting vibration; that at 10u to 

3]. Nakagawa and S. Mizushima, J. Chem. Phys. 21, 2195 
(1953). We are indebted to Professor San-ichiro Mizushima, 


University of Tokyo, for a discussion which brought to light these 
relationships. 


C—C stretching vibration; and that at lly to CH, 
rocking vibration. Undoubtedly, some of the frequencies 
of the ring 


N—C 


N-C 


should also appear in these frequency ranges, and 
therefore some of the observed bands should be ascribed 
to these motions, possibly mixed with the CHe vi- 
brations. 

The. spectrum of the copper(I) complex can be ex- 
plained satisfactorily as the superposition of the spectra 
of ethylenethiocarbamide and the nitrate ion. Thus the 
peak at 12.16u observed for the complex is explained as 
due to the nitrate ion contained in the complex. In this 
connection it is very interesting to find a peak at 14.0y 
for the codrdination compound, while no corresponding 
peak appears for the ligand nor for the potassium 
nitrate. This wavelength corresponds to an inactive 
frequency for the nitrate ion which can be observed as 
the Raman frequency. Therefore, this peak may be 
assigned to this vibration which is considered to become 
infrared active because of the distortion of the sym- 
metrical structure in the formation of the solid complex 
compound. The band at 9.6u observed for the complex 
may be explained quite similarly. This wavelength is 
close to the frequency of a strong Raman line, 1050 
cm-!, which is inactive in the infrared absorption. A 
very weak absorption seems to exist at 9.6u for ethylene- 
thiocarbamide ; therefore, the fairly strong absorption at 
this wavelength may be explained as the overlapping of 
the two bands. 
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Theory of the Differential Capacitance of the Double Layer in Unadsorbed Electrolytes 


James Ross MACDONALD 
Texas Instruments Incorporated, 6000 Lemmon Avenue, Dallas 9, Texas 


(Received March 4, 1954) 


A partly phenomenological, one-dimensional theory is presented of the double layer formed at an ideal 
polarized electrode in uni-univalent aqueous electrolytes showing no specific adsorption. The system 
analyzed consists of the metallic electrode with its surface charge density, a charge-free layer next to the 
electrode, and a diffuse layer containing positive and negative charges in unequal concentration extending 
into the body of the electrolyte. The theory includes the effect of dielectric saturation in both layers due to 
the field produced by an applied negative bias potential, and compression of the charge-free layer by this 


field is also taken into account. 


The theory is compared with experimental data of D. C. Grahame on 0.916 N to 0.001 N NaF, which 
shows little or no adsorption on negative polarization. Good agreement is found both for the dependence 
of the differential capacitance of the entire system on negative polarizing potential (measured from the 
electrocapillary maximum) and on concentration. Such agreement allows several constants of the charge- 
free layer to be obtained relatively accurately. In particular, values for its initial thickness, modulus of 
linear compressibility, initial dielectric constant, and dielectric saturation constant are obtained. Compar- 
ison of these results with corresponding results for bulk water affords strong evidence that the charge-free 
layer consists of a single molecule of water and thus that cations nearest the polarized electrode are hydrated. 





INTRODUCTION 


HE study of the electrical double layer in electro- 
lytes has been recognized for a long time as a 
fruitful avenue of investigation of the microscopic 
properties of solute and solvent. The experimental 
and theoretical work of Grahame'* over the past ten 
years has done much to clarify the physical situation 
in an electrolyte adjacent to an ideal, polarized metallic 
electrode. Since such an electrode is blocking and will 
not allow conduction current to flow in either direction 
at the junction with the electrolyte, a final static 
distribution of charge in the electrolyte will eventually 
be reached after a potential difference is established 
between the electrode and the bulk of the electrolyte. 
It is, of course, necessary in practice that the applied 
potential difference be sufficiently small that there is 
negligible hydrogen evolution at the electrode in order 
that the electrode approximate ideal polarized behavior; 
we shall assume that this condition is always satisfied. 
The double layer which is established near the 
metallic electrode is generally considered* to consist of 
four regions, and so is really not a double layer at all. 
These regions comprise the metallic electrode, on whose 
surface there may be an excess or deficit of electrons, 
an inner region next to the electrode into which the 
electrical centers of ions cannot move because of their 
physical size, a further region accessible to the electrical 
centers of anions but not of cations, and a final region 
of the diffuse type containing both anions and cations 
in differing concentrations. If there is a layer of anions 
in the third region at their distance of closest approach 
to the electrode, this layer is termed the adsorbed 





‘D. C. Grahame, Chem. Revs. 41, 441 (1947). 

*D. C. Grahame, J. Chem. Phys. 18, 903 (1950). 

*D. C. Grahame, Comptes Rendus de la IIT¢ Réunion, Comite 
International de Thermodynamique et de Cinetique Electro- 
chimiques, Berne, 8-12 August, 1951. References to further work 
of Grahame and others will be found in these first three references. 
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layer because the anions are held not by simple Coulomb 
forces but by specific short-range forces. 

The presence of specific adsorption considerably 
complicates an analytical treatment of the double 
layer problem. In the present work, we shall therefore 
consider only those situations where such adsorption is 
absent. The double layer then consists of surface 
charge on the electrode, a charge-free region next to 
the electrode, and a diffuse region extending on into 
the bulk of the electrolyte. This situation is found 
experimentally on negative polarization of such solutes 
as NaF whose anions are not specifically adsorbed at a 
mercury electrode.! 

The diffuse layer has been fully treated theoretically 
by Miiller,t Grahame,'” and the present author together 
with M. K. Brachman.® A theoretical analysis of the 
entire system without adsorption has not as yet been 
given. Grahame has, however, treated the problem by 
combining theoretical results for the diffuse layer with 
experimental results for the initial charge-free layer.’ 
A theoretical treatment of the charge-free layer as well 
as the diffuse layer should allow some of the properties 
of the initial layer to be deduced by comparison of 
theory and experiment. The present work is designed 
to allow such information to be obtained and treats 
the entire system in a theoretical, although partly 
phenomenological, fashion. 

The simplest measurements that can be carried out 
on the entire electrode-electrolyte system are determina- 
tions of the dependence of the differential capacitance 
of the whole system Cr? on static bias potential and 
on electrolyte concentration. It is found that the 
resulting curves are quite complex even in the absence 
of adsorption. Present qualitative explanations of their 


( 4H. Miiller, Cold Spring Harbor Symposia Quant. Biol. 1, 1 
1933). 

5 J. R. Macdonald and M. K. Brachman, J. Chem. Phys. 22, 
1314 (1954). 
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Fic. 1. Schematic representation of the electrical double layer 
without specific absorption. The dependence of the potential y on 
position is shown for positive polarization (Vo>0). 


complicated dependence by Grahame* and_ others 
include the effects of high-field dielectric saturation and 
of high-field compression of the charge-free layer, 
increasing as the polarizing potential is increased. Both 
of these phenomena are included in the present theory, 
and it is found that they can indeed explain many of 
the experimental! results. 

The matter of potentials between different phases in 
the system is fairly complicated and is dealt with at 
length by Grahame.! For our purposes, it is only neces- 
sary to know that when the applied potential between 
the polarized electrode and the body of the electrolyte 
is equal to the electrocapillary maximum potential, 
there is no surface charge on the polarized electrode.' 
We shall therefore choose to measure applied potential 
Vo from this point and specify that the surface charge 
is zero at Vo=0. 

The one-dimensional system which we shall analyze 
is shown in Fig. 1. An ideal polarized metallic electrode 
is placed at «=0. This electrode is blocking for both 
positive and negative charge carriers. Next to this 
electrode there is a charge-free layer extending to 
x=. Finally, polar material containing univalent 
positive and negative charge carriers extends from 
x=x9 to x=. The dielectric constants in the two 
layers may be different and may depend on electric 
field strength and position. Also, the thickness x9 of 
the charge-free layer may be a function of electric 
field strength. We are interested in the dependence of 
the differential capacitance Cr of this whole system 
on the applied dc bias potential Vo and on the bulk 
concentration of the charge carriers. As shown in the 
figure, the zero of potential is taken at «=, and the 
potential drop across the charge-free layer designated 
as V;, that across the diffuse layer by V2. The mean 
local potential inside the material ¥ will thus be zero 
at x= and equal to Vo at +=0. 

In order to simplify the succeeding work, we shall 
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introduce the following normalized quantities: y*=y, 
(RT /e); V¥=V/(kT/e); 6*=8/(RT/eLy®) ; p* = p/2coe; 
o*=o¢/(kT/e); z=x/Lp°. In these expressions & is the 
mean local field strength within the material, p the 
volume charge density, and o a surface charge density, 
The normal concentration of positive or negative ions 
in the bulk of the material far from the electrode is ¢y, 
and the Debye length Lp in the diffuse layer is given 
by [e°k7/8mcoe? |* for zero applied voltage. In this 
expression, €° is the static dielectric constant in the 
diffuse layer for Vo=0. In general, we shall use a 
superscript zero to designate the value of a quantity 
at zero potential and the subscripts one and two to 
identify quantities defined in the charge-free and diffuse 
layers, respectively. 


CONDITIONS IN THE DIFFUSE LAYER 


In order to obtain the differential capacitance of 
the complete system, it is necessary to determine the 
charge and potential distributions within the system 
when an external bias potential is applied. It will be 
most convenient to consider first conditions within the 
diffuse layer. The dependence of charge density on 
potential in this layer may be obtained either from the 
Debye-Hiickel equations® or by potential energy con- 
siderations.'* The result obtained is 


p*(z)= —sinhf*(z). (1) 


This result holds for either anodic or cathodic polariza- 
tion. If a positive potential is applied to the electrode 
at «=0, V2*, ¥*, and &* will all be positive quantities. 

Next, we need to know the dependence of 6&.*, the 
normalized field strength in the diffuse layer at z=) on 
V.*. To obtain this result we shall require expressions 
for the dependence on field strength of the static 
dielectric constant and the differential dielectric 
coefficient. These quantities are defined by e= D*/ &* 
and x=dD*/d&*, respectively, where D* is the normal- 
ized electric displacement. They therefore satisfy the 
relation 


de 


&*—= (x—€). (2) 


d&* 


Grahame? has given a rather complete discussion of 
dielectric saturation effects in the diffuse layer, and we 
shall draw heavily on his work for the resuits of the 
present section. In particular, since there is no adequate 
fundamental theory of dielectric saturation in a polar 
material, we shall use Grahame’s heuristic formula 
for field-strength dependence 


=cotaf1+2b.& —§=?+a[1+2b.*6" |-:, (3) 


where ¢2, a2, and b, are constants. Grahame actually 
considers a family of equations similar to (3) and 
decides that the form (3) is one of a number of reason- 
able choices which will fit experimental data on electro- 
lytes. We choose the specific form (3) because it lends 
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itself to algebraic and numerical calculations. Note that 
if bp is independent of concentration, b2*= (kT /eLp")*be 
will depend thereon because of the presence of Lp’. 

The effective static dielectric constant may be derived 
from (3) by integration. We find, using Eq. (2), 


1 D* 1 & 
dD*=— 


C* &* 0 


xd&* 


=co+arf (2bs*)'8* | sinh (2b.*)18*]. (4) 


It follows that when &*=0, e= &=x=x"=a2+ co. Also, 
when &*= «©, e= €®=x=xk*=C». Thus, co is the nonpolar 
contribution to the dielectric constant remaining after 
the polar contribution has been completely saturated. 
It is perhaps worth mentioning that the mean local 
field &* appearing in these expressions is that computed 
from the charge distribution at equilibrium after a dc 
potential has been applied so long that the initial 
charging current has died out. 

The dependence of &* on V,* may now be obtained 
from Poisson’s equation written in terms of normalized 
variables as 








dD* de dé* dé* 
-—--|6 - cfm a 
dz &* dz dz 
on *(2). (5) 
= gf = — —(6*)*= — €o%p*(z (5 
dz 2dj* 


Equation (2) was used in simplifying this equation. We 
now introduce Eq. (1) in (5) and integrate 


oo" V2* 
f xd (6*)? = — 2a? f p*dy*= 200 f 


0 0 


Vo* 


sinhy*dy*. 


Using Eq. (3) for x, we find 
i) 5. *? — ay ‘bo*¥+ (a2 ‘bs*) (1 +26,* 6,**)! 
=4e," sinh?(V2*/2). (6) 
Equations formally identical to (4) and (6) have been 
given by Grahame.” Now let 
4= (2b.*)3 84%, - 
B= (1412)}, 7) 
and 
n= 2b,* sinh?(V2*/2). 
We find from (6) that 
B= — 2/co+[ (€2°/2)?+ (4€2°/c2)n J}, (8) 
and since from (7) 
u= (B*—1)}, (9) 


we have succeeded in expressing &* in terms of V.* 
If &.* is known, we can compute ; and from a curve of 
4 versus n, then compute 7. Finally Ve can be obtained 
most simply from the relation 


cosh V*= 1+7/b.*. (10) 








1859 





DOUBLE LAYER 





THE 





Of couse, if V2* is known, the equations can be used 
directly to calculate &,*. It is worth pointing out that, 
although &* will vary with position in the diffuse layer, 
thereby causing « and « to vary also, the calculation of 
the differential capacity of either the diffuse layer® of or 
the whole system requires only a knowledge of the 
functional dependence of &,* on V.*. 


CONDITIONS IN THE CHARGE-FREE LAYER 


Since by definition there is no charge in the charge- 
free layer, we may solve Laplace’s equation directly 
for this region with the boundary conditions ¥*= Vo* 
at z=0 and y*=V..* at z=2. We assume that there is 
no discontinuity in potential at the plane z=2o. Since 


V,;*=V,*—V,* is the potential difference across the 
layer, we obtain from — equation 
&) *-_) i* j 205 (11) 
and 
f= = V 0 *_ (¢ to) V3". (12) 


The field strength &,* is constant in the region 0 2 2p. 
Next, we must consider the effects of dielectric 
saturation in the charge-free layer. We shall choose 
equations for the dependence of ¢, and x; on &,* of the 
same form as those used for these quantities in the 
diffuse layer. However, since the charge-free layer may 
have properties different from those of the solvent, 
the constants which enter the saturation equations 
must be taken different from those of the diffuse layer 
for generality. Even when the charge-free layer does 
consist of solvent material (perhaps only one or two 
molecules thick), one would not necessarily expect that 
the saturation and other constants of the material on 
such a microscopic scale should be equal to the corre- 
sponding constants of the bulk material. The equations 
therefore are 
Ky= Cy +a)[14+2b,* 8," |, (13) 
and 
€:= C1 +a[ (20,*)'8)* | sinh—[(26:*)'8:* |. (14) 
Thus, 
Kyo = €)=C, +4. 


Finally, we must consider the possibility that a high 
electric field strength in the charge-free layer can cause 
compression of this layer. In an aqueous electrolyte, 
one might expect the thickness of the charge-free layer 
to be the sum of the ionic radius of the ion attracted to 
the electrode plus the diameter of one or more water 
molecules if the ion is hydrated. If the force between 
ion and electrode is made sufficiently great, any water 
molecules present between the two will be flattened, 
and the shape of the ion itself may be somewhat 
distorted. Such compression might be expected to be 
linear for relatively small pressures with a gradual 
transition to a much smaller dependence on pressure 
for higher pressures. 

We shall choose the following heuristic expression to 
represent the dependence of the thickness of the 
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charge-free layer on pressure applied to it: 


30/20°=[1+hp}", (15) 


where B is a constant and 29 is the value of 29 for Vo*=0. 
Note that in the present one-dimensional treatment no 
distinction need be made between force and pressure. 
The above expression is linear for BP<1, yet an infinite 
pressure is required to reduce zo to zero. Equation (15) 
should be a good approximation for small pressures, 
but it certainly cannot be expected to represent the 
behavior of real materials very accurately at high 
pressures such as those present in the charge-free layer 
when a relatively large negative polarizing potential 
is applied. Greater accuracy might be obtained by using 
a more sophisticated equation of state applicable to 
the actual material of the charge-free layer. Neverthe- 
less, we shall see later that the above simple expression 
actually seems to describe the behavior of the charge- 
free layer quite accurately for aqueous electrolytes. 
The use of a more complicated expression is therefore 
not justified at present. 

The electrostrictive pressure in the materia] is, from 
electrostatic theory,® 


p= 6)/8r. (16) 
We may now rewrite Eq. (15) as 
20/20°= [i+ (B/8m)€,6,? | = [1+ae,6,? |" 
= [1+a*e, 6," |", (17) 


where a=@/8m is another constant. This equation is 
more formidable than it appears, since € is also a 
function of & as shown by (14). We shall neglect any 
direct dependence of ¢€; and x; on pressure since this 
effect can be at least partly included together with 
their dependence on the field 6, which produces the 
pressure. 

Finally, it will be useful to derive the initial iso- 
thermal modulus of linear compressibility 5° from (15). 
Since 6°= — (z0")~'(0z0/0p)r evaluated at p=0, we find 


0° =B=8ra. (18) 


Since a can be obtained by fitting experimental results 
with the theory, 6° may also be obtained. 


JOINING CONDITIONS AT z=z) 


Since we have specified that there be no discontinuity 
in potential across the plane z=, the principal 
additional condition which must be satisfied there is 
that the normal component of the electric displacement 
be continuous. In this one-dimensional treatment, this 
is the only component present and we obtain 


D*=D;*, (19) 


or 
w= (2b;*)'6)*e.= (2b:*)?82*e2= (b1*/b2*) Feou. 


6L. Page and N. I. Adams, Principles of Electricity (D. Van 
Nostrand Company, Inc., New York, 1949), second edition, p. 50. 
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This may be written as 
w= (b;*/be*) *[cou+ a2 sinh ], (20) 


using Eqs. (4) and (7). We thus see that if &,* is specified, 
w may be computed using (14) and uw determined from 
a graph of w versus u. We can then calculate V2", as 
discussed previously, and can obtain V,* from (11) 
if zo is known. From Vo*=V,*+V%2*, we can finally 
obtain the applied potential which would result in 
the value of &;* originally assumed. This appears to 
be a complicated procedure but, since most of the 
quantities in which we are interested are implicit 
functions of each other, it seems to be the simplest 
possible method. 


THE DIFFERENTIAL CAPACITANCE FORMULA 


The introduction of dielectric saturation in both 
layers and compression of the first layer complicates 
the calculation of the total differential capacitance. 
It may be obtained from any of the following equivalent 
equations 

dom* dom* d&:* dV2* don* d&\* 


 dVot  d&s* dV* dV ck d&:* dVo* 














Crt (21) 
Here, o,,* is the normalized charge density on the metal 
electrode. We shall use the last of these expressions 
since it turns out to be the simplest to apply. We shall 
now calculate the factors in this expression separately. 
The first is readily obtained from Gauss’ law, D*=4z 
XLp's,*, written in terms of normalized variables. 
On differentiating this equation with respect to 6," 
and using the definition of «x; we find 


dom* Ki 


d&,* AnrLp® 


(22) 





The calculation of (d&,*/dVo*) is considerably more 
difficult. If we take z=2» in (12) and differentiate with 
respect to &,*, using Vo* = V:*+ V* and (11), we obtain 


d&;*\-!  dy* dzo _ 
( - ) =——+ 2+ 8;*—. (23) 
d Vor d& i* d& i* 








The last term may be calculated from (17) using (2). 
We obtain 


dzo Ki 
6;*-—_= ( 1+~) (zo— Z0°) (Z/Z0°). (24) 


ado, €1 


Further, we find from (19) that at z= 20 





dy* dy* 
alr acl (25) 
d&,* x2 d&,* 
Equation (5) may be rewritten as 
dy* d&* 
¥ = —§*— = — e.p*/x. (26) 
dz dy* 
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If we now substitute (1) in (26) and evaluate the result 
in the diffuse layer at z=2o, we finally obtain 


dy* xo &2* 
Bm eres, (27) 
d&5* €2° sinhV .* 





These results may now be substituted in Eq. (21) to 
yield the following formula for Cr# 


Ky" €1° Z0 2 
Cr?=CY ~+~) ~) 
Ki €1 0° 


€ ° Zo 
-— “) +-~6&,*(sinh vy] , (28) 
€1 \ 20" 
where 
y= K1°/ (k2°%0°) = (kr Lv") / (x2x0") (29) 
and 
CY=k,"/ (42x9°) i (30) 


The quantity C,° is the differential (and static) capac- 
itance of the first layer alone with Vo*=0. Similarly, 
the corresponding capacitance of the diffuse layer for 
Vo*=0, C2°, may be obtained from 


C= (do m*/d V2*) V o*=0 


and Eqs. (19), (22), and (27), together with the limiting 
result that &*/sinhV.*=1 at Vo*=0. This result itself 
follows directly from Eq. (6). We finally obtain 


C= Ko?/ (4rLp°). (31) 


We thus note that y=C,°/C2° and that Eq. (28) yields 
the usual expression for these two capacitances in 
series at Vo*=0. In the opposite limit of very high 
applied potentials, Eq. (6) shows that &*/sinhV.* 
approaches zero, so that Cr? approaches 


Ky" €;° Zo” \? €;° Zo” ee 
{EIEN 
Ki” 1” \ 20° E:°F \ 20° 
which may considerably exceed C, if 2o%<zo". Equation 
(28) is independent of the sign of Vo* since &* and V+* 
will always have the same sign. Although the method 
of obtaining Eq. (28) is completely general, the equation 
my applies only to the case where 20/z0’ is given by 

7). 

The use of Eq. (28) to calculate Cr? for a given value 
of Vo* is not completely straightforward even when all 
the constants are known because of the implicit relations 
between the various variables. In practice such calcula- 
tion can be carried out most simply by first calculating 
the values of «1, €1, and w corresponding to an initially 
selected value of &,*. The quantity ~ is then determined 
from a graph of w versus u and this value of u entered in 
4 graph of » versus u to yield the corresponding value 
of». Then, V2* can be calculated from Eq. (10). Next, 
after calculating zo from (17), V:* can be obtained using 
(11). The normalized applied potential Vo*= V,*+V2* 
Corresponding to the selected value of &)* is thus 
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finally obtained and the value of Cr? corresponding to 
this potential obtained from (28), all of whose factors 
are now known. 

There are, unfortunately, a number of constants 
entering the theory which will not be known independ- 
ently of measurements of Cr? versus Vo. Thus, in order 
to fit the theoretical curves to such data, the constants 
will have to be derived from the data. Luckily, most of 
the constants are independent of each other. First, 
k=" is just the normal dielectric constant of the 
solution ; for aqueous solutions, it will be that of water 
at the given temperature with possibly a small correc- 
tion for solute concentration at high concentrations. 
The quantity co=x2” is the nonpolar part of the dielec- 
tric constant of the diffuse layer remaining after the 
polar contribution is saturated by a high electric field. 
It may be approximately inferred from the optical 
index of refraction. Since the frequency at which 
differential capacitance measurements are commonly 
carried out is less than 10° cps, the use of m? for ce 
represents a hazardous extrapolation. Hasted and EI 
Sabeh’ quote a figure of 4 for the far infrared dielectric 
constant of water. From their measurements on water 
at wavelengths between 1 and 10 cm, however, they 
find a high-frequency limiting dielectric constant € 
of 5.2+0.5 at 20° and 30°C. This latter figure should 
at least approximately represent the dielectric constant 
of water after the polar contribution is entirely relaxed. 
We shall therefore choose the value c.=5 for the diffuse 
layer. In addition, since evidence to be presented later 
derived from the experimental data on NaF indicates 
that the charge-free layer itself consists of water 
molecules, we shall take the same value for c; and let 
¢1=¢2=c=5. The lack of a more precise value for ¢ will 
not affect most of our conclusions appreciably. 

Luckily, it is possible to obtain the ratio «;°/x0" in an 
unambiguous way from measurements of Cr? at Vo*=0 
for various concentrations.’ This is the case because 
the constants a and 6 which control compression and 
saturation arising from the applied field have no effect 
on the value of Cr@ at Vot=0. Further, «:°/%0° is 
essentially independent of concentration in NaF and 
other electrolytes which show no specific absorption. 
After the determination of x;°/xo", x;° can be determined 
either from an independently known value of x0’, or 
can be found from detailed curve fitting. In the latter 
case, xo’ is itself determined. Finally, the constants 
a, b;, b2, and a must be found from a fit of the experi- 
mental curve of Cr? versus Vo for a given concentration. 
A check of the resulting values can then be made by 
using the same values to compute the theoretical 
dependence of Cr? on Vo for another concentration for 
comparison with experimental results. The agreement 
between theory and experiment should be good for 


7J. B. Hasted and S. H. M. El Sabeh, Trans. Faraday Soc. 49, 
1003 (1953). 
8 J. R. Macdonald, J. Chem. Phys. 22, 763 (1954). 
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Fic. 2. Dependence of normalized differential capacitance on 
normalized potential for different values of y=C,°/C.° with no 
dielectric saturation and no compression. 


the new concentration for a correct initial choice of 
the constants. 

When a=),=).=0, the formula for Cr’ and its 
calculation for various values of V * is greatly simplified. 
The capacitance of the initial charge-free layer is then 
C,’ and is independent of applied potential. This 
capacitance is in series with the normal differential 
capacitance of the diffuse layer without dielectric 
saturation, C2“. This capacitance is nonlinear and 
depends strongly on Vo*. Curves showing the depend- 
ence of the total capacitance Cr* on V o* for this 
situation are presented in Fig. 2, with y as a parameter. 
The shape of these curves is readily explained. When y 
is large, C,’ is much larger than C.". Thus, C2° determines 
the value of Cr¢ for Vo¥ <1. However, as V* increases, 
C.4 increases until it is much larger than C,°, which 
itself then determines Cr?%. On the other hand; when 
v1, C2? is much larger than C,’ for all values of Vo", 
so that Cr* is essentially independent of Vo*. Note 
that at 25°C, a value of 10 for Vo* corresponds to an 
applied potential of about 0.26 volt; thus, saturation of 
these curves occurs at low potentials. 


COMPARISON WITH EXPERIMENT 


In this section, we shall compare the predictions of 
the theory with experimental data on NaF for various 
concentrations at 25°C. These data were obtained by 
D. C. Grahame,’ who has found that NaF shows little 
or no specific adsorption on negative polarization. 
Although the theory indicates that the shape of the 
Cr? versus Vo curves should be symmetric about 
Vo=0, the experimental curve shape for Vo>O0 differs 
from that for Vo<0 even for NaF. The lower the 
concentration, the larger the range of |Vo| about zero 
over which the symmetry is preserved, but even at 
0.001N deviations between the two halves begin to 
appear for | Vo| $0.2 volt. It is probable that the large 
increase in Cr? observed with strong positive polariza- 
tion arises from specific adsorption of the highly polar- 


® PD. C. Grahame (private communication). To be published in 
J. Am. Chem. Soc. Also available from D. C. Grahame, Amherst 
College, as O.N.R. Report No. 14, 18 February, 1954. 
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izable anions. Since we present theory does not include 
adsorption effects, we shall restrict attention to data 
for which Vo<0. 

The first step in the curve-fitting is the calculation 
of x;°/x°. We take xs’ and e° as 78.5, the value for 
water at 25°C." We shall neglect the small concentra- 
tion dependence of these quantities. After calculating 
Lp’ for the various concentrations, C2° can be computed 
from theory. Finally, C;" can be obtained from the 
experimental values of Cr? at Vo=O and the values of 
C.°. Then y can be calculated for each concentration. 
The resulting values of x;°/xo’ are shown in Table I, 
Since x,"/xo" is determined from the difference of two 
large numbers for low concentrations, the resulting 
values are inaccurate. The value of «;°/x,° is essentially 
constant for concentrations of 0.1N and higher; thus, 
we have averaged the last three values in the table to 
obtain the value «;°/xo°= 3.257 10% cm™, which may 
be presumed to be independent of concentration. The 
corresponding value of C,’ is 28.9 uf/cm*. We have used 
this average value of x:°/xo’ in the computation of the 
y’s which also appear in Table I. 

We now have sufficient information to compare the 
theoretical curves for the various y’s with the experi- 
mental results, provided that we take a=}),=).=0. 
Such comparison is presented in Fig. 3. The curve for 
0.660N is omitted since it is similar to that for 0.916N 
and lies too close to it for clarity of presentation. Two 
conclusions may be drawn from this graph; first, that 
agreement between theory and experiment is satisfying 
for very low potentials near Vo=0; and second, that 
the deviations between theory and experiment begin 
to occur at lower and lower potentials the higher the 
concentration. It is worth noting that the agreement 
indicated in Fig. 3 is based on the use of only a single 
constant, «;°/xo’, derived from the experimental results. 

In the preceding theoretical development, we have 
introduced the saturation constants b; and be, which 
are, in general, unequal. For the present comparison 
with experiment, however, it turns out that although 
there is appreciable saturation in the diffuse layer with 
a large polarizing potential applied, such saturation 
has only a very small effect on Cr‘.2° The reason for 
this behavior is that when the potential across the 
diffuse layer is sufficiently large to produce saturation, 
it is also large enough to increase the capacitance 0! 
this layer to the point where it no longer has much 
effect on the total capacitance Cr?. Thus, the value 0! 
bs chosen will have little effect on the shape of the 


TABLE I. Dependence of x,°/xo° and y(=C,°/C2°) on 
concentration for NaF at 25°C. 








Normality : 10-3 10-2 10-1 0.660 0.916 
«1°/xo%(cm-!); 3.79108 3.39-108 = 3.268-108 3241-108 3.29310 
: 3.97 1.26 0.397 0.155 0.131 


— 
————— 








1 Dorsey, Properties of Ordinary Water-Substance (Reinhold 
Publishing Corporation, New York, 1940), p. 367. 
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Fic. 3. Comparison of theory without dielectric saturation and 
compression with experimental data on NaF at 25°C. 


Cr* curves, and 6. cannot therefore be obtained even 
as to order of magnitude from Cr? data. Since there is 
evidence that the charge-free layer consists of water, 
one might expect that b; would equal 62 unless local 
conditions near the boundary should preferentially 
affect b;. We shall therefore choose b;= b.=b. The value 
of b derived from the data will thus apply to the 
charge-free layer and will be only slightly affected by 
any difference between b; and be. While it would be 
possible to take b.=0 with less than a percent change 
in the theoretical curves, it seems preferable to include 
its small effect as above, especially since it is possible 
to obtain agreement between theory and experiment to 
better than two percent when the assumption that 5, 
is equal to by is made. 

Next, we shall discuss the determination of the 
constants «;°, a, and 6, and the fitting of complete Cr“ 
curves for negative polarization. It is possible to obtain 
an approximate value of «;° from the expected value of 
‘ based on the assumption that only a single water 
molecule lies between the metallic electrode and each 
of the nearest positive ions. This assumption yields a 
Value of x? of 4.4 A, made up of about 1.0 A, the 
radius of a Nat ion, and 3.4 A, the approximate 
diameter of a water molecule." These figures and the 
result for x? are quite approximate because of the 
difficulty of attaching a precise meaning to the diameters 
of contiguous ions and molecules in solution. In spite of 


Possible inaccuracy, the figure 4.4 A furnishes a starting 


"C. Kittel, Introduction to Solid State Physics (John Wiley and 
Sons, Inc., New York, 1953), p. 40. 

Ried! K. Adam, The Physics and Chemistry of Surfaces (Oxford 
University Press, London, 1941), third edition, p. 125. 
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point for our calculations and leads to a value of about 
14 for x;°. 

Initially, however, a value of x;° of 78.5 was used in 
fitting the experimental curve for 0.01N in order to see 
if a good fit could be achieved for this value and to see 
to what consequences such a value would lead. It was 
found that the experimental curve could indeed be 
fairly well fitted over its entire range provided that c 
was taken about 30. This large a value of the nonpolar 
contribution to the dielectric constant is exceedingly 
unlikely. Furthermore, the above value of x,° leads to 
xo’=24 A, a value which would require many water 
molecules between electrode and the nearest positive 
ions. Since both of these results are very unlikely, it is 
obviously necessary to choose a smaller value of x1’, 
such as the value 14 considered above. 

When the value «;°= 14 was employed together with 
c=5, values of b and a could be found which would give 
a fair fit of the 0.01N Cr? curve. However, slightly 
better agreement was found with «;°=15, which still 
allows us to conceive of the charge-free layer as involv- 
ing only a single water molecule since it yields a 
thickness of 4.6 A for this layer. Figure 4 shows the 
results of such a curve fit. Theory and experiment agree 
to better than two percent over the full range of Vo. 
Such agreement is, however, not very surprising when 
one remembers that we have used three or four adjust- 
able constants in making the fit. Also shown on this 
graph are the curves for a=b=0 and for a=0 which 
show the individual effects of these constants. Since 
the best value of a@ has little effect on the curve near its 
maximum at about — 0.26 volt, the initial determination 
of b can be carried out largely independent of knowledge 
of a. Then, after a good value of 6 has been obtained 
with the neglect of a, points near the high end of the 
curve may be used to obtain a good value of a. The 
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Fic. 4. Comparison of experimental data on 0.01N NaF at 25°C 
with theory for (a) no dielectric saturation, no compression 
(a=b=0), (6) no compression (a=0), and (c) both saturation 
and compression effects included. 
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arises from experimental error in the 0.001N data, charge 

Grahame® has analyzed these same data by a method § difficu 

eae ee le ? which involves the use of an experimentally determined consta 
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charge and the water molecule. In view of the conceptual 
difficulty in attaching a precise meaning to the dielectric 
constants of these microscopic entities, the discrepancy 
between the effective value of 15 and that of bulk 
water should not be weighted heavily in deciding 
whether the ion nearest the polarized electrode is 
indeed hydrated. 

Next, we may compare the value of b of 3.99 10-“ 
cm’/volt? obtained from the ‘curve-fitting with that 
obtained for water by other methods. Malsch?-” found 
b=1.2X10—" cm?/volt? by direct measurement of the 
differential dielectric constant of water up to applied 
fields of the order of 2.5 10* volts/cm. At these fields 
« would be reduced from its initial value by less than 
one percent by using Malsch’s own value of b. Thus his 
result cannot be expected to be very accurate, and it is 
possible that our value, which is three times smaller, 
is the more accurate if it indeed applies to water. 
Since the present work shows that the field & in the 
charge-free layer can reach values as large as 3X10’ 
volts/em, one would expect very strong saturation 
effects to occur in this layer. The order of magnitude of 
these effects can be seen by comparing the various 
curves in Fig. 4. Thus the present method of obtaining 
b does not suffer from the disadvantage of deriving it 
from data for which it effect is very smali, and the 
resulting value of b is hence probably quite accurate. 
Since the value of b obtained applies to a very small 
amount of material, however, it may be unreasonable 
to expect this value to be the same as that of the 
material in bulk. If b is the saturation constant of a 
single water molecule, either this constant is approxi- 
mately the same as that of bulk water, in which case 
Malsch’s result is somewhat in error, or else both 
values are approximately correct and the saturation 
constant for a single molecule of water is less than that 
for bulk water. Further direct measurements of x to 
higher field strengths than Malsch employed will be 
required to decide between these possibilities. Never- 
theless, the arrangement to order of magnitude between 
Malsch’s result and that of the present work again 
affords strong evidence that the ion nearest the electrode 
is hydrated.* 

Finally we shall investigate what information may 
be obtained from the experimentally derived value of 





'F. Malsch, Physik Z. 29, 770 (1928); 30, 837 (1929). 

*N ote added in proof .—I wish to thank Professor D. C. Grahame 
or pointing out that since any direct pressure dependence of the 
dielectric constant is included herein with its dependence on elec- 
tric field strength, the value of b determined from electrolyte data 
may not be directly comparable with that from Malsch’s experi- 
ment. Since the dielectric saturation in both kinds of experiment 
arises from an electric field which produces an electrostrictive 
Pressure in the material, this pressure will be the same in either 
experiment for a given field strength. Thus, Malsch’s determina- 
tion of b must also tacitly include a pressure effect in the resulting 
Value of b. However, since the pressure may act differently on a 
single water molecule in the charge-free layer than on bulk water, 

€ direct pressure contribution to b may differ in the two cases 
and perhaps accounts for some or all of the discrepancy between 
the b values. 
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a of 2.90 10-" cm?/volt?. Now if the units of a@ are 
converted to those of an inverse pressure, a becomes 
2.61X10-" cm?/dyne. Next we may use Eq. (18) to 
obtain the effective linear compression modulus of the 
charge-free layer. The result is 6°= 6.56 X 10~" cm?/dyne. 
There are no results available for the linear compressi- 
bility of bulk water since water is a liquid. We can make 
a rough comparison, however, between the above 
value and the volume compressibility of bulk water. 
First, it will be of interest to inquire how well bulk 
water volume follows a law of the form (15) with 
20/20 replaced by v/v. We calculate (vo/v—1) by using 
Bridgman’s data for water and plot this quantity 
versus pressure on a log-log graph. If an equation of 
the form (15) is well satisfied, we should obtain a 
straight line of slope unity. It is actually found that such 
a procedure yields a straight line of unity slope only for 
pressures up to about 10* atmospheres and that there- 
after there is a transition to a slope of about 0.7 up to 
10* atmospheres. From the low pressure region, we can 
obtain a value for the initial compressibility modulus 
k°. Interpolating Bridgman’s data for 20° and 30°C, 
we find 


k°=4,2X10—" cm?/dyne at 25°C. 


In an isotropic solid, k® should be three times larger 
than 6°. Our value for 6° is, however, almost five times 
larger than k°/3 for bulk water. Since it is patently 
impossible to consider a single water molecule as an 
isotropic solid, the above difference is not surprising, 
and the degre of agreement between the value of k° 
for bulk water and the present value of 6° is strong 
evidence that a water molecule is being compressed in 
the charge-free layer. The result that 6° is slightly 
larger than k° may be evidence that the water molecule 
can beliy out to the sides rather freely under linear 
compression as one might expect. If we consider the 
charge-free layer to consist of a single water molecule 
plus that part of a sodium ion between its center of 
charge and the water molecule, compression of the 
water molecule must be accompanied by some compres- 
sion of the sodium ion as well. Since the bulk compres- 
sibility of sodium is about five times smaller than our 
value for the linear compressibility of the entire 
charge-free layer, we shall probably make only a 
small error by neglecting any compression of the sodium. 

If the linear compression of a water molecule has a 
dependence on pressure of roughly the same form as 
does the volume compression for bulk water, then 
Bridgman’s data indicates that Eq. (15) can only be 
expected to apply weil for relatively low pressures and 
that for high pressures compression should occur less 
rapidly with increasing pressure than predicted by (15). 
Now a pressure of 10* atmospheres is reached in the 
charge-free layer at a bias potential of about —0.7 volt 
for a concentration of 0.01N; and at —1.4 volts the 


14 International Critical Tables (McGraw-Hill Book Company, 
Inc., New York, 1928), Vol. 3, p. 40. 














































1866 JAMES 
pressure is of the order of 4X 10° atmospheres or greater. 
Therefore, we may expect (15) to be a poorer and poorer 
approximation for polarizing potentials more negative 
than about —0.7 volt. The theory would thus predict 
a more rapid compression and consequent rise in Cr4 
than would be observed experimentally for numerically 
larger polarizing potentials than —0.7 volt. Some such 
tendency is actually observed for all the curves, since 
near the largest negative polarizing potentials the 
theoretical lines rise slightly faster than the experi- 
mental] points for all concentrations. It might be noted 
that the maximum compression of the charge-free 
layer leads to only about a 20-percent decrease in the 
thickness of the layer. It is certainly not unreasonable 
to imagine that a water molecule could be compressed 
by this amount by the very high pressure present in 
the layer. 

The effect of temperature on the theoretical curves is 
rather complex. Since there-are no data available show- 
ing temperature dependence for a constant concentra- 
tion in electrolytes with no adsorption, we shall only 
discuss this matter qualitatively. If we assume that 29° 
and the dielectric parameters are relatively independent 
of temperature in the range considered, an increase in 
temperature will increase Lp’ and y in the same fashion 
as would a decrease in concentration. At the same time, 
zo’ will decrease while 6* and a* will increase if b and a 
remain constant. Finally, for fixed Vo*, a temperature 
increase will increase Vo, stretching the potential scale. 
These various changes partly cancel out of the curve of 
Cr* versus Vo. Thus an increase from 25°C to 75°C is 
found to decrease the theoretical value of Cr“ at 
Vo=—0.4 volt by only about three percent for 0.001N 
concentration. 


CONCLUSIONS 


In spite of the approximate character of those 
assumptions of the theory involving dielectric saturation 
and compression and the use of a one-dimensional 
approximation to represent a truly two-dimensional 
problem, good agreement has been found between the 
predictions of the theory and experiment in respect to 
the dependence of the differential capacitance on 
negative polarizing potential and on concentration. 


ROSS 
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The agreement between theory and experiment is 
especially satisfying since it is obtained using the same 
values of the constants c¢, x1", X0°, 6, and a for all con- 
centrations. Since these quantities describe properties 
of the charge-free layer, one would not expect them to 
depend on electrolyte concentration in the bulk of 
the system. 

The following results are consistent with the assump- 
tion that the charge-free layer involves a single molecule 
of water so that positive ions nearest the negative 
electrode are hydrated: (a) The nonpolar part of the 
dielectric constant of the charge-free layer is 5. (b) The 
initial thickness of the charge-free layer is 4.6 A, made 
up of about 1 A, the radius of a Na* ion, and 3.6 A, the 
diameter of a water molecule. (c) The dielectric satura- 
tion constant of 3.9910? cm?/volt? is three times 
smaller than the approximate value obtained by 
Malsch for bulk water using direct methods but 
relatively low field strengths. (d) The initial linear 
isothermal compressibility modulus of the charge-free 
layer is 50 percent larger than the initial volume 
compressibility of bulk water. The maximum pressure 
in the charge-free layer of 4X10* atmospheres or 
greater results in a reduction in thickness of the layer 
of about 20 percent. 

The complete theory applies not only to aqueous 
electrolytes, but also to any solid or liquid polar 
materials containing mobile positive and negative 
univalent ions blocked at an electrode. It may be 
readily generalized to include the case of ions of higher 
valency. Without the refinements of dielectric satura- 
tion and compression of the charge-free layer, the 
theory describes the behavior for reverse bias of non- 
polar rectifiers with intrinsic conduction which contain 
an insulating film between the metallic electrode and 
the bulk of the material. : 
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Vapor pressure measurements on solid magnesium oxide show that the solid vaporizes mainly into molecu- 
lar species. Spectroscopic experiments have been conducted and have shown that the known gaseous 'Z 
electronic state of MgO is not the principal vaporizing species. A study of the ultraviolet bands, produced 
originally by magnesium burning in air, proves the lower electronic level of the molecule involved in this 
transition is more important than the 'Z state of MgO. Within experimental uncertainty the heat of sublima- 
tion obtained from vapor pressure measurements agrees with a spectroscopically determined heat of sub- 
limation of the molecule involved in the ultraviolet transition. The ultraviolet bands are shown to originate 
from a gaseous monomer of MgO. The vapor pressure of MgO at 2200°K is 3.8X 10~ atmos, and the vapor 
pressure over MgO reaches 1 atmos at 3040+60°K. The Do value for MgO gas is 4.7 ev. 





INTRODUCTION 


ECENT reviews'* of the thermochemical and 
spectroscopic data of the gaseous alkaline earth 
oxides have revealed several discrepancies in the dis- 
sociation energies of these molecules. In general, heats of 
dissociation obtained from vapor pressure measurements 
do not agree with spectroscopically obtained values. 
These reviewers point out that where thermochemical 
data are available, with the exception of BaO, the 
spectroscopic value is much lower than the thermo- 
chemical value. The spectroscopic values obtained from 
Birge-Sponer extrapolations of the vibrational levels of 
the lowest known '% states are in some cases as much as 
three electron volts lower than the thermochemical 
values. Vapor pressure measurements will give erroneous 
heats when the principal vaporizing species is unknown 
and an incorrect one is assumed. On the other hand, 
spectroscopic values may be for an excited state of the 
molecule and since thermochemical data refer to ground 
states, agreement would not be expected. 

With a flame technique Huldt and Lagerqvist! ob- 
tained independent values which in most cases agreed 
with values based on vapor pressure measurements. If 
one accepts the high values for the thermochemical dis- 
sociation energy and the low value for the spectroscopic 
dissociation energy of the 'E states, then some molecule 
other than the 'Y must be the principal gaseous species. 
Since vapor pressure data do not eliminate the possi- 
bility of a complex molecule, the principal vaporizing 
species must be another electronic state of the monomer 
ora polyatomic molecule. In their flame work Huldt and 
Lagerqvist considered only the monomer to be im- 


*Abstracted in part from the thesis by Richard F. Porter in 
partial satisfaction of the requirements for the degree of Doctor of 
Philosophy in Chemistry at the University of California. 

_{ Present address: Department of Physics, University of 
Chicago, Chicago 37, Illinois. 

t This document is based in part on work performed under 
Contract No. W-7405-eng-48B for the U. S. Atomic Energy 
Commission. 

'L. Huldt and A. Lagerqvist, Arkiv Fysik 2, 333 (1950). 
— and R. F. Barrow, Trans. Faraday Soc. 47, 1275 

51). 

*L. Brewer, Chem. Revs. 52, 48 (1953). 


portant and do not indicate whether or not their results 
were sufficient to eliminate the possibility of other 
molecules. 

If a monomer were suspected of being the main species 
the problem of establishing the true ground state would 
still remain. A further study of the spectra in a hope of 
finding transitions involving the ground state would be 
necessary. Other systems such as the unanalyzed bands 
obtained in absorption in flames by Barrow and 
Crawford‘ may involve a lower state of MgO. Brewer'® 
has pointed out that the ground states of these molecules 
may be triplet instead of singlet states. Correlation rules 
allow only triplet states to be produced from the ground 
states of the free atoms. 

Evidence for the existence of polymers has been shown 
by Aldrich. He was able to produce ions such as 
Ba,O2* in a mass spectrograph, and hence the existence 
of oxide dimers cannot arbitrarily be discounted. 
Brewer and Mastick® have shown from theoretical 
bonding considerations, however, that such molecules as 
Mg;0 should have no chemical importance. 

In a hope of explaining the nature of the gaseous state 
of these oxides, a specific investigation of MgO was 
initiated. The following equations show the various 
possible modes of vaporization: 


MgO(s) = Mg(g)+202(g)+ (1—2x)O(g) (1) 
MgO(s) =MgO(g,'= (2) 
MgO(s) =MgO(g,X) (3) 
MgO(s)=1/x(Mg0O).. (4) 


X and (MgO), represent possible gaseous electronic 
states of MgO and polymers, respectively, MgO(g,'= 
refers to the gaseous 'D state of MgO, and MgO(s) 
refers to the solid standard state. The basic problem is to 
determine which of these is the principal vaporization 
process. The essential phases to be considered then are: 


*R. F. Barrow and D. V. Crawford, Proc. Phys. Soc. (London) 
57, 12 (1945). 
5L. T. Aldrich, J. Appl. Phys. 22, 1168 (1951). 
(1981) Brewer and D. F. Mastick, J. Am. Chem. Soc. 73, 2045 
1). 
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(1) Does MgO(s) vaporize mainly to the elements or 
to molecules? | 

(2) If MgO(s) does vaporize into molecules, is 
MgO(g,'Z) the most important species? 

(3) If MgO(g,'Z) is not the principal species, is there 
another electronic state of MgO which is important or 
does the solid vaporize into polyatomic molecules? 


I, VAPOR PRESSURE DETERMINATIONS 


Little direct vapor pressure data for MgO have been 
reported and the significant thermochemical data for the 
vapor is that reported by Huldt and Lagerqvist.! The 
vapor pressure of MgO was therefore measured by the 
Knudsen effusion technique. The observed rate of 
effusion is the sum of the rates of the individual atoms 
and molecules, and hence the weight loss per unit time is 
an integral quantity. For MgO, however, it is possible 
from known thermodynamic data to calculate the equi- 
librium concentrations of Mg(g), O(g), and O2(g). 
Furthermore, if these are the only important species, the 
observed pressure should be in agreement with the 
calculated pressure. 


Experimental 


In the initial runs the Knudsen cells consisted of 
tungsten crucibles with tungsten covers. In every case 
the empty crucibles and the MgO were weighed sepa- 
rately before and after heating. The crucibles were 
heated inductively in a vacuum, the same technique as 
that used by Brewer and Searcy.’ Pressures within the 
vacuum system varied from 0.1 to 0.05 micron, in- 
creasing slightly at the beginning of a run and then 
rapidly decreasing. In later experiments the same 
procedure was used when BeO and ZrO; crucibles were 
used as containers, except that tungsten shields were 
used as heating elements. Crucibles containing the MgO 
were placed inside slightly larger ones to prevent them 
from being attacked by contact with tungsten radiation 
shields. The MgO used was the Reagent Special grade of 
Baker and Adamson. 


Results of Vapor Pressure Measurements 


The tungsten crucibles were not completely satis- 
factory as containers for MgO as there was some reac- 


TABLE I. Experimental and calculated vapor pressure data. 











Pg 
Pg (calculated 
Time Area of Weight (from theo- 
Temp. in hole in loss rate Eq.) retically) 
Run °K sec cm? ing in atmos in atmos 
1 2040 3900 8 0.0177 0.025 4.51075 6.6X 10° 
2 2040 3900 8 0.0177 0.018 3.31075 6.6X 10-8 
3 2140 9300 0.0177 0.184 1.41074 2.4X 1075 
4 2200 3600 0.0177 0.145 3.0K10 5.6105 








( 981) Brewer and A. W. Searcy, J. Am. Chem. Soc. 73, 5308 
1951). 
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tion forming Mg gas and a tungsten oxide which 
vaporized to some extent. The total volatility observed 
with tungsten crucibles was higher than that observed 
with BeO and ZrO, crucibles, and the results with the 
tungsten crucible were too inaccurate to be of value. 

More satisfactory results were obtained when BeO 
and ZrO: crucibles were used as MgO containers, 
Table I shows the results of the vapor pressure meas- 
urements. 

Runs 1, 2, and 3 were with BeO crucibles while Run 4 
was with a ZrO, crucible. In all four runs BeO covers 
were used. The holes in the covers were ground as close 
as possible to knife edges. In Runs 1 and 2 the MgO 
charge was removed from the crucible and weighed 
separately. The reported values are the weight losses of 
the MgO itself. The total weight losses of the cells were 
found to be slightly less than those of the MgO itself. In 
Runs 3 and 4 the total loss of the crucible plus MgO is 
reported since the MgO melted at the points of surface 
contact with the crucibles and could not be removed 
upon cooling. 

The initial assumption is that only Mg(g), O(g), and 
O2(g) are important, and the rate of effusion of Mg(g) is 
simply the gram atoms of magnesium vaporized per 
second. The partial pressures of Mg(g) were calculated 
from the rate equation 


P(44.383)a 
Bit ctsoemreeme 
(MT)! 


where R is the number of gram atoms or moles effusing 
per second, a is the area of effusion hole in cm?, 7 the 
absolute temperature, M the atomic or molecular 
weight of the effusing species, and P its partial pressure 
in atmos. Pressures calculated on this assumption are 
shown in Column 6. 


Comparison of Experimental and Theoretical 
Values 


From known values of — (AF r— AH 3)/T and AH 2x, 
it is possible to calculate the equilibrium constants for 
the following reactions: 


MgO(s)=Mg(g)+O(g), Ki=PogPo, 
AH v0 = 238.8+0.5 kcal, 





AF 2900— AH 298 
- ( 2000 
O.=0, K2=Po/(Po:)', 
AH 293=59.55+0.02 kcal, 


) = 66.66+0.4 cal/deg, (1) 


Ni- 


¢ 





AF 2900— AH 298 
Ja )- 15.24+0.1 cal/deg. (2) 
2000 


Knowing K, and K» together with the auxiliary condi- 
tion that the rate of effusion of magnesium must equa! 
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MgO THERMODYNAMICS AND SPECTROSCOPY 


the total rate of effusion of oxygen (as O2 and O), we can 
calculate the true theoretical pressures of magnesium 
inside the Knudsen cell. 

The value of — (F2000—H29s)/2000 for MgO(s) was 
calculated from Kelley’s tables** and the values for 
Mg(g), O(g), and O2(g) were obtained from tabulated 
values.” The best accepted value of —143.7+0.1 kcal" 
for the heat of formation of MgO, and the most recent 
value” for the heat of dissociation of O2 were used in the 
calculations. For the heat of sublimation of magnesium 
several sources of vapor pressure data were treated. 
Using Kelley’s free energy functions" together with the 
vapor pressure data we obtained AH2s=35.30.2 kcal 
from the measurements of Coleman and Egerton," and 
AH o3= 35.4+0.5 kcal from the measurements of Baur 
and Brunner.!® Combining these results with the value 
of AHo93= 35.9 kcal, calculated by Kelley from meas- 
urements of Hartmann and Schneider,'* we take a value 
of AH o3= 35.6+0.3 kcal. Since - (AF 7— AH 98) /T is 
not strongly dependent on temperature, the values at 
T=2000°K were considered constant over a 200° range. 

The three necessary relationships are: 


PucePo= Ky, (1) 
Po/(Po2)}= Ke (2) 


and Rug=2Ro2+Ro, which expressed in terms of pres- 
sures is 
Pog 2Pos Po 
- + (3) 
(Mug)! (Moz)? (Mo)! 

Partial pressures of Mg, O, and Oy were calculated by 
successive approximations until two place accuracy was 
achieved. The values for Mg are shown in Column 7 of 
Table I. 

Comparison of Columns 6 and 7 shows the observed 
pressures are consistently a factor of five or six times 
higher than the theoretical pressures. With the widest 
limits of uncertainty in the thermochemical data the 
error in AF for reaction 1 at 2000°K is 1.3 kcal. This 
corresponds to.an error in K, of about 40 percent and an 
error of 20 percent in the calculated pressures in Column 
7. On the other hand, the vapor pressure measurements 
are reproducible to better than a factor of two. The 
discrepancy therefore between the observed and calcu- 
lated pressures is not just experimental error. The 


°K. K. Kelley, U. S. Bur. Mines Bull. 476 (1949). 

°K. K. Kelley, U. S. Bur. Mines Bull. 477 (1950). 

 L. Brewer, Paper 3, National Nuclear Energy Series, Vol. 19B, 
Edited by L. L. Quill (McGraw-Hill Book Company, Inc., New 
York, 1950). 
(194s; Shomate and E. Huffman, J. Am. Chem. Soc. 65, 1625 

” G. Herzberg, Can. J. Phys. 30, 185-210 (1952). 

*K. K. Kelley, U. S. Bur. Mines Bull. 383 (1935). 
os Ah ; ve and A. Egerton, Phil. Trans. Roy. Soc. A234, 

5). 

'*E. Baur and R. Brunner, Helv. Chim. Acta. 17, 958 (1934). 

‘SH. Hartmann and R. Schneider, Z. Anorg. u. allgem. Chem. 
180, 275 (1929), 
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initial assumption is consequently false and we are not 
permitted to assume that only Mg(g), O(g), and O2(g) 
are the important vapor species. Molecular species must 
contribute appreciably to the vapor and the solid does 
not.vaporize simply to the elements. 


Il. THE HEAT OF SUBLIMATION OF MgO (g,'2) 


Having shown from the vapor pressure measurements 
that MgO(s) vaporizes principally into molecular 
species, the next problem is to consider the importance 
of the lowest known '2 state of MgO(g). The method to 
be used is similar to that used by Brewer, Gilles, and 
Jenkins." If an electronic state of the gaseous molecule 
in equilibrium with the solid emits a measurable amount 
of radiation, the heat of sublimation of that particular 
state can be determined from the variation of intensity 
with temperature. The transition to be treated is the 
well-known '=*—'Z transition of MgO lying in the green 
region of the spectrum. The desired heat is the heat of 
sublimation of MgO(g,'=*) minus the excitation energy 
of the '=* as shown by the following equations: 


MgO(s)=MgO(g,'2*), AH, (1) 
MgO(g,'=*)=MgO(g,'2), AH2=—hy (2) 
MgO(s)=MgO(g,'2), AH;=AH,+AH2. (3) 





AH, is to be obtained graphically, and this value to- 
gether with the known excitation energy gives us AH. 


Experimental 


To obtain a heat of sublimation by variation of in- 
tensity with temperature the two following conditions 
are necessary : 


(1) The gas must be in equilibrium with the solid. 

(2) The temperature must be high enough to populate 
the upper electronic level sufficiently to produce an 
observable amount of emission. 


The King type resistance furnace as described by 
Brewer, Gilles, and Jenkins was used as the heating unit 
for MgO. The same type of graphite tubes was used 
except that the MgO could not be placed directly into 
the tubes as it is reduced rapidly by the graphite at 
higher temperatures. Instead the graphite tubes were 
lined with a 0.002-in. sheet of tantalum and a 0.002-in. 
sheet of tungsten was placed inside this tantalum lining. 
The MgO was therefore only in contact with the 
tungsten. Graphite reacting with the tantalum formed a 
TaC layer and the carbon could not readily penetrate 
the tungsten. Consequently, except for some attack by 
the tungsten, rapid reduction of the MgO was pre- 
vented. After evacuating the furnace, argon was passed 
in to decrease diffusion of MgO vapor out the ends of the 
tube. An argon pressure of 0.1 to 0.2 atmos was suffi- 


17 Brewer, Gilles, and Jenkins, J. Chem. Phys. 16, 797-807 
(1948). 
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cient. A 22-kva power source, producing 800 amp or 
more in the graphite tubes, was required to produce the 
desired temperatures. All temperatures were read with a 
calibrated optical pyrometer. Twenty grams of pressed 
MgO placed inside the tungsten lining would last. for 
about an hour at temperatures around 2500°K. 

Emitted light from the MgO vapor was passed on to 
the slit of a 3-meter concave grating spectrograph and 
reflected directly on to an RCA 1P21 photomultiplier 
tube. Stray light emitted from the sides of the furnace 
tube was cut out of the beam to prevent high back- 
grounds. The photo tube, amplifying unit, and recording 
device was that described by Phillips.'* The phototube 
was part of the scanning device and could be set 
immediately at the desired wavelength. Several tracings 
of each spectral feature were made at each temperature 
until it was sure that equilibrium within the furnace had 
been attained. A characteristic tracing of the 0,0 se- 
quence of the '>*—'Z system is shown in Fig. 1. The 
actual dispersion of the grating is about 4 A/mm in the 
first order, whereas the scanner was set to a slow enough 
speed to produce a spread of 10.6 A/inch on the tracing. 
The slit width of the spectrograph was 0.1 mm. 


Calculations and Results 


Tracings of the 0,0 sequence of the '>*—'Z transition 
of MgO in equilibrium with the solid were made at 
various temperatures. The heights of the 0,0 band head 
at 5007.3 A, as seen in Fig. 1, were measured from the 




















Uy 
5000 5020 


Fic. 1. Emission tracing of the 0,0 sequence of the green bands 
of MgO produced from MgO vapor in equilibrium with MgO solid 
at T=2550°K. Dotted lines represent limits of the true back- 
ground. 


18 J. G. Phillips, ONR Contract No. Nonr.—160(00) (1953). 





BREWER AND R. F. 





PORTER 





TABLE II. Experimental intensity data. 








Relative intensity 





F sina of 0,0 band 
2498 13.6 var 
2488 11.3 
2488 10.2 
2533 23.0 
2533 21.2 
2528 21.8 
2598 74.0 
2598 66.0 
2593 70.0 
2648 128.0 
2653 104.0 








lowest dotted line representing the lowest extrapolated 
background. The heights multiplied by the proper 
amplification factor are proportional to the intensity of 
emitted radiation. The intensities presented in Table II 
are the heights in centimeters. The upper dotted line in 
Fig. 1 is an extrapolation of MgH rotational structure, 
the MgH appearing as an impurity in the furnace. The 
variation in heights measured from the upper dotted line 
is about 10 percent of the reported values. The true 
background lies somewhere between the two dotted 
lines. At temperatures above 2650°K the intensities 
diminish rapidly since the solid disappears at a rapid 
rate and equilibrium is not maintained. 





Determination of AH, for Reaction (1) 
MgO (s) = MgO(g, '=*) 
yx 


To obtain the heat of sublimation of the '=* state, a= 
plot, which includes the variation in heat capacity with 
temperature, was made instead of a simple AF’/T vs 1/T 
plot. 

Since the intensity of emitted radiation is proportional 
to the concentration of '=*, we have the relationship: 
AF=—RT |\nP1s3*=—RT \nkIT, k being the propor- 
tionality constant. From the relationship: 


T 
AH— AH 9 <== f ACp d Z. 


298 


and from known heat capacities of the solid and gas we 
obtain for reaction (1) 


AH = AH o93— 5.21T —0.87 
X 10-°7?— (1.48/T) XK 10°+ 2100. 


The heat capacity for MgO(s) was extrapolated from 
Kelley’s table.* For the gas we are considering a single 
vibrational level of a particular electronic state, and 
hence vibrational and electronic terms do not contribute 
to the total heat capacity. A rotational contribution 
should be included but, since only a few rotational levels 
are involved in forming the head of the band, this is 
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TABLE III. Data for = plot. 








z 





64.67 








small as compared to the translational term. Therefore a 
Cp of 5/2R was taken for the gas. 

Substituting AH into the van’t Hoff equation and 
integrating we obtain: 


AF/T = (AH 293 +2100) /T+5.21 In7+0.87 


0.74 10° 
xk 10° 7T-—-— - -+const. 


Setting AF’ equal to —RT InkIT and letting — (AH 245 
+2100)/7+ const be 2, we obtain: 


, 

0.74 10° 

= 4.575 log +16.55 log +0.87 X 10-7 — ————.. 
T? 


AH 93+ 2100 
~ ) eons 


The slope of a = vs 1/T plot gives us AH 2s. The values of 
Y calculated from the averaged sets of data presented in 
Table II are shown in Table III. The = vs 1/T plot is 
given in Fig. 2 in which the same weight is given to each 
point. From the slope of the line we obtain AH 25 = 230 
keal. 

In general, with a limited number of points it is 
difficult to obtain accurate heats. A small uncertainty in 
the slope of the line will produce a large uncertainty in 
the heat. In this case there is an uncertainty of 10 kcal 
alone in establishing the best position of the curve. 

Errors may also be due to temperature gradients 
along the graphite tube. In order to minimize this 
uncertainty the MgO was placed in the central uni- 
formly heated portion of the tube. In making the tem- 
perature measurements the optical pyrometer was 
focused directly onto the hot surface of the MgO and the 
temperature was observed to be constant over the total 
surface area. Temperatures read on an exposed central 
portion of the graphite tube agreed with readings on the 
surface of the MgO; and since the hot graphite ap- 
proaches a black body radiator, it was presumed that 
the MgO was also radiating as a black body. 

Reduction of the MgO by tungsten produces a solid 
oxide of tungsten and eventually the MgO layer will be 
completely reduced. As long as pure solid MgO is still 
present in the interior of the tube, the true equilibrium 
pressure of MgO vapor will be maintained. This is 
shown by the constancy of the MgO spectrum intensity 
for long periods of time until reaction has become ap- 
preciable. Only above 2700°K does the tungsten reaction 
interfere seriously with the spectral measurements. 


The temperature range which can be studied is limited 
since at lower temperatures the amount of emission is 
too small to observe while at higher temperatures the gas 
will not reach its true equilibrium pressure and the 
observed intensities will be too small. A plot of this type 
will therefore tend to give low results if the points at 
high temperatures are treated equally with points at 
lower temperatures. ™o obtain AH; for reaction (3), 
MgO(s)=MgO(g,'=), we subtract from the graphical 
value the sum of the electronic and rotational energies 
of the '2*. The electronic energy calculated from the 
band origin is 57 kcal. The band head forms approxi- 
mately at the rotational level J=40 giving a rotational’ 
contribution of 2.7 kcal. We therefore obtain for the 
heat of sublimation of MgO(g,'Z) a lower limit of 170 
kcal. In order to include uncertainties in both directions 
we shall take a AHogs of 185215 kcal. 

From Kelley’s tables** we obtain for the reaction 


AF 2900— AH 29 


MgO(s)=MgO(g,'2), -(— on *)=a07. 
2000 


Using a AH 29s of 170 kcal as a lower limit and setting AF 
equal to — RT InPty we calculate Piz< 10~" atmos at 
2000°K. Comparing this value with the pressure of 
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aft x 194 
Fic. 2. = plot for the reaction MgO(s)= MgO(g,!2*). 
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Mg(g) in Column 7 of Table I, we see that MgO(g,'Z) is 
even less important than Mg(g) and also cannot be the 
principal vaporizing species. 


III. THE ULTRAVIOLET BAND SYSTEM 


The 3700 A band system appearing in emission from 
magnesium burning in air and also in absorption in 
flames containing magnesium‘ will now be considered. 
Although the bands are complex and have not been 
analyzed, there are good reasons to suspect from the 
various ways they have been produced that they either 
involve electronic states of MgO or states of a more 
‘complex molecule containing magnesium and oxygen. If 
this transition occurs with equal or greater intensity 
than the '2*—>'Z transition, we ought to observe it in 
the King furnace as we did the green bands and further 
ought to be able to study the states involved in the 
transition. Experiments were therefore undertaken to 
obtain the 3700 A bands both in emission and absorption 
under equilibrium vapor conditions and to study the 
importance of the lowest electronic state of the transi- 
tion relative to MgO(g,'2). 


Experimental 


The technique used to produce the '=*—'Z bands was 
also successful in studying the ultraviolet system. Light 
from the MgO vapor in equilibrium with the solid was 
passed on to the slit of the 3 meter grating and reflected 
onto a 1P28 photomultiplier tube. Slit widths of 0.1 mm 
were required to give a reasonable response by the 
phototube. A quartz optical system was used through- 
out the ultraviolet experiments. Several tracings at 
temperatures about 2600°K between wavelengths of 
3800 and 3600 angstroms were made in order to locate 
the bands. Several molecular and atomic features ap- 
peared on the emission tracings; and after identifying 
the important atomic lines, the bands were definitely 
shown to be the ones observed by Barrow and Crawford.‘ 




















T 
3800 4950 
d 


Fic. 3. (a) Thermal emission tracings of the ultraviolet bands. 
(b) Thermal emission tracings of the green bands. Solid lines 
represent tracings made at T= 2600°K, while dotted lines repre- 
sent tracings made at T=2550°K. Extrapolated backgrounds are 
also indicated. 
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Figure 3a is a reproduction of tracings made at two 
different temperatures. The recording device was set to 
produce a dispersion of 42.3 A/inch on the tracing paper. 
For absorption experiments a xenon lamp with a high 
effective arc temperature in this wavelength region was 
used as a source. Parallel light from the source was 
passed through the calcium fluoride windows of the 
furnace and on to the slit of the spectrograph. Figure 4 
shows tracings of the transmitted light from the xenon 
lamp with absorption by the MgO vapor at two different 
furnace temperatures. The absorption features in Fig. 4 
are seen to be just the reverse of the emission features in 
Fig. 3a. On this low dispersion the tracings show only an 
integrated shape of absorption features, and small 
fluctuations in the lamp intensity are also present. 


Intensity Comparison of the Two Band Systems 


From a comparison of rates of rise in intensities with 
temperature for the two band systems we can quaii- 
tatively establish which of the lower states involved in 
the transitions has the smaller heat of sublimation. 


TABLE IV. Determination of AH 2 for reaction MgO(s) = MgO(.). 








AF r — AH 
Pmgo in atmos -{ ——-——.- 
(calculated from 

rate Eq.) 


T AH 29 in kcal 
MgO(s) =MgO(g) MgO(s) = MgO(e) 





5.84X 107° 43.84 128.0 
4.20 107° 43.8: 129.2 
1.84 10™ 5 

3.81 10~ 





Simultaneous tracings were made for both the green 
and ultraviolet systems. The furnace was first brought 
to the desired temperature and held constant to allow 
the MgO vapor to equilibrate with the solid. The 
spectrograph was adjusted to permit study of both 
regions with one setting. The scanner was first set at 
approximately (5000 and a tracing of the green system 
was made. The scanner was then set at approximately 
\3700 and a tracing of the ultraviolet region was taken. 
Several tracings of each system were made at a particu- 
lar temperature until equilibrium was established and 
tracings of each system were reproduced with the same 
shape and magnitude. The furnace temperature was 
then changed and another series of tracings were made. 
Figure 3a is a reproduction of two tracings of the 
ultraviolet region, and Fig. 3b shows two tracings of the 
green system. The solid lines are tracings made at 
T=2600°K while the tracings shown by dotted lines 
were made at 7=2550°K. The backgrounds are ex- 
trapolations of the observed backgrounds. 

First we consider the excited states and the reactions: 


MgO(s)= X*(g) AH;* (1) 
MgO(s)=MgO(g,'3*) AH2*. (2) 
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X(g)* represents an excited state of the unknown 
molecular species. 

For comparison purposes in the ultraviolet system we 
will consider the strong molecular features in the region 
of \3720 as seen in Fig. 3a. The features appearing at 
approximately 43840 contain the strong *D—*P® transi- 
tion of magnesium and cannot be used. For the green 
system we will treat the sequence of bands beginning at 
\5007.3. Using the areas enclosed by the solid and 
dotted lines as measures of integrated intensities for 
both systems, we find 


12, T =2600°K 
=2.0+0.1. 
I2, T =2550°K 


I, 7 =2600°K 


=1.6+0.1, 
Ii, 7 =2550°K 


We see that the green system is rising more rapidly with 
temperature than the ultraviolet system. Assuming the 
ultraviolet bands involve a monomer of MgO, we can 
plot log/:/Z2 vs. 1/T and obtain from the slope the 
difference in heats of sublimation of the two excited 
electronic states. A plot of this type was made using the 
integrated intensities from the tracings shown in Fig. 3a, 
and a difference of roughly 50 kcal was obtained. With 
an estimated uncertainty of 20 kcal we have: 


AH,*=AH2*—50 kcal. 


To obtain a relation between the heats of sublimation of 
the lower levels we subtract from AH,* and AH,* the 
electronic energies. The reactions are: 


MgO(s)=MgOX(g) AM, (3) 
MgO(s)=MgO(g,'2) AH2. (4) 


X(g) represents the lower state of the unknown 
molecular species. The energy for the '2* is 57 kcal. For 
X* we shall take the origin of the system at 43700 giving 
an electronic energy of 77 kcal. 

We have then the following relations: 


AH, = AH,*-— 77 kcal 
AH.=AH2*—57 kcal. 


Since AH ,* = AH.* — 50+ 20 kcal, we obtain the relation 
AH, = AH»2—70+20 kcal, 


showing the lower level of ultraviolet system lies 
significantly lower than the lower level of the green 
system. 

On the tentative assumption that a monomer is the 
principal vaporizing species, we can calculate a heat of 
sublimation from the vapor pressure data shown in 
Table I, taking the weight loss due mainly to MgO(g). 
Table IV gives results of such calculations. It has been 
assumed that the ground state is a *2 state, and an 
electronic contribution of R In3 has been included in the 
free energy functions in Table IV. The vibrational and 
rotational contributions to the free energy functions 
were assumed the same as for the 'Z state. 














T T 
3700 3750 


Fic. 4. Intensity tracings of light transmitted from a xenon 
lamp through MgO vapor showing absorption of radiation by the 
vapor. The upper tracing was made at 7 =2320°K and the lower 
at T=2420°K. Dotted lines are zero light reference lines. 


As the AH og3° values in Table IV were calculated as- 
suming that the vapor consisted entirely of MgO, these 
heats are lower limits. One can correct these values for 
the amount of Mg vapor due to dissociation of MgO to 
the elements. The presence of oil or other reducing 
agents in the vacuum system could increase the concen- 
tration of magnesium vapor somewhat. Taking these 
corrections into account and averaging the results of 
Table IV yields AH2s3=130+1 kcal for the heat of 
sublimation of MgO solid to MgO gas. Comparison of 
this value with the experimentally obtained value of 
185+-15 kcal for the heat of sublimation of the !Z state 
of MgO gas shows that the principal vaporizing species 
must be 5515 kcal lower than the '2 state. This is in 
agreement with the value of 70+20 kcal obtained for 
the difference between the '2 state and the lower state of 
the ultraviolet system. As no species can have a lower 
heat of sublimation than that given by the total pres- 
sure, one can state that the spectroscopic results indicate 
the lower state of the ultraviolet system cannot be lower 
than 70 kcal below the 'D state but may be as close as 50 
kcal below the '2 state. On the other hand the Knudsen 
experiments fix the main species in MgO vapor between 
70 and 40 kcal below the 'S state. Thus it is quite 
reasonable to conclude that the lower state of the 
ultraviolet system is the main species in MgO vapor. 
These same conclusions can be drawn whether the 
ultraviolet system is due to diatomic MgO or to a 
polyatomic molecule. 

Huldt and Lagerqvist‘ obtained a thermochemical 
value of 5.0 ev for the dissociation energy of MgO gas 
calculated on the basis of a *2 state. With the same 
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heats of reaction used previously we calculate a heat of 
sublimation of 123 kcal from their data, which is within 
7 kcal of the value obtained here. 


The Ultraviolet Bands on High Dispersion 


Further investigation of the ultraviolet band system 
is necessary in order to identify the molecular states 
involved in the transition. On low dispersion the bands 
are too complex to permit a vibrational or rotational 
analysis. Barrow and Crawford‘ measured many band 
heads but did not have sufficient resolution to attempt a 
vibrational analysis. Verhaeghe" has classified the bands 
into distinct sets of sequences, but over all, little work 
has been done on the ultraviolet system. In a hope of 
obtaining further information about the electronic 
states involved in this transition we have obtained the 
bands again under higher dispersion. 


Experimental 


All spectrograms were made with a 21-foot grating, 
ruled with 30 000 lines/inch, giving a linear dispersion of 
0.67 A/mm at \3700 in the second order. An eighteen- 
inch photographic plate was placed on the Rowland 
circle with the center of plate at approximately \3750 so 
as to include a range between A3600 and A3900. Eastman 
Kodak IIa-0 plates were used and found to give sharp 
contrast. The three following methods of excitation 
were used. 


(1) Burning Magnesium 


Light from the burning end of a thin piece of mag- 
nesium ribbon fed through a quartz tube was focused 
directly onto the slit. The height of the quartz tube 
could be adjusted to allow only selective portions of the 
flame to focus on the slit, but the erratic burning of the 
ribbon would not allow complete exclusion of continuous 
radiation from the glowing mass. Slit widths of 0.05 mm 
with an exposure time of ten minutes were required to 
give observable spectral features. In some cases burning 
pellets of magnesium, which give a brighter instan- 
taneous source, were used; but in all cases backgrounds 
were too high. On the best plates several sequences of 
bands appeared with partially resolved rotational struc- 
ture, but overlapping of many vibrational bands forbid 
a vibrational analysis. 


(2) Magnesium Arc 


Magnesium electrodes of one-half inch diameter and 
approximately 3 in. long were fastened to the clamps of 
a conventional iron arc. The arc was powered by a 220- 
volt de source. The green portion of the arc was focused 
onto the slit, and the position of the arc could be 
adjusted to allow only a certain portion to be exposed to 
the slit. The arc could be run for only 30 seconds at a 
time as the electrodes became overheated. In some cases 





19 J. Verhaeghe, Wis-en Natuurk. Tijdschr. 7, 224 (1935). 
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the arc went out by itself after a few seconds because of 
MgO formation at the surface of the electrodes. Slit 
widths were 0.05 mm and the total exposure times were 
about 10 minutes. Backgrounds on the plates were 
considerably reduced and rotational structure was more 
obvious than on the exposures with burning magnesium. 
Many impurity lines and bands also appeared. Bands of 
CN were particularly strong, and presence of these 
impurities would not permit an analysis. 


(3) Thermal Excitation 


The bands were obtained in emission and absorption 
in the manner previously described. 

(a) For emission the MgO was brought to tempera- 
tures of about 2550°K, and light from the vapor was 
focused onto the slit. With a slit width of 0.03 mm an 
exposure time of 35 minutes was required. 

(b) For absorption a xenon lamp was used as a source 
of continuum. An MgO temperature of 2550°K was 
found to be the most ideal for reversal of the bands. 
This temperature is lower than the effective lamp 
temperature and still high enough to produce a large 
concentration of vapor. The slit width was again 0.03 
mm. At this temperature the solid MgO lasted about 40 
minutes which was a sufficient exposure time. 


Description of the Ultraviolet Bands 


Spectrograms of the bands obtained under high ex- 
citation as in the case of burning magnesium and 
magnesium arcs are too complex to permit a vibrational 
analysis by themselves. The spectrograms obtained 
under equilibrium vapor conditions, however, are con- 
siderably less complex since only lower vibrational levels 
are populated and only a few of the principal bands 
appear. In our analysis of the bands we will treat them 
as we would a simple diatomic spectrum, assuming a 
monomer of MgO is involved in the transition. From the 
vibration frequencies of the singlet state of MgO we 
would expect this molecule to have a vibration fre- 
quency between 800 and 900 cm. The spacing between 
the 0,0 band and the 0,1 band would therefore be of the 
order of 100 angstroms. Close examination of all the 
plates shows, not one, but several sets of sequences 
separated by approximately this distance. If the mole- 
cule is a simple monomer, the only conclusion is that 
more than two electronic states are involved in the 
transition. The splittings are too great to be simply 
multiplet splittings. Three measured sets of sequences 
are shown in Table V. 

All of the band heads presented in Table V were 
observed in thermal absorption. If the bands were 
distinguishable on other plates, the other methods of 
excitation are also listed. The measurements in general 
agree with those of Barrow and Crawford.‘ 

The most outstanding sequence begins at \3721. On 
the absorption spectrograms several members of the 
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TABLE V. Principal ultraviolet band heads, produced with a dispersion of 0.67 A/mm. 








1st sequence . 
Q heads — ea 


A(A) v(K) excitation 


Direction 


degradation (A) v(K) 


2nd sequence Methods Direction 
of Q heads of of 
excitation degradation 





3721.41 26863.9 
3731.75 26789.5 
3742.27 26714.2 
3751.33 26649.7 
ateeid 3759.38 26592.6 3a, 3b 
”T 3766.50 26542.3 1, 2, 3a, 36 

3772.86 26497.6 1, 2, 3a, 3b 

3778.3 26459 1, 2, 3a, 3 


1, 2, 3a, 30 
1, 2, 3a, 3b 
3a, 3b 
3a, 3b 


P head 


3725.7 26833 1, 2, 3a, 3b 


Ist sequence 
QO heads 


» v 
3704.2 26988.7 


3695.2 27053.7 
3686.5? 27118.3 


System 


II 


ist sequence 
heads undesignated 


» v 


3798.3 26319 

3804.4 26278 

System 3805.4 26271 
Ill 3810.2 26237 
3815.7 26200 

3816.3 26192 


27565.2 3b A 
27315.0 3b R 


3626.73 
3659.95 


3rd sequence 
QO heads 


r v 


3846.84 25988.0 
3854.81 25934.3 


2nd sequence 
Q heads 


r v 


3802.4 26291 
3792.8 26358 
3784.5 26416 


2nd sequence 
heads undesignated 


r v 


3684 27137 
3691.2? 27084 











Methods of excitation are: (1) burning magnesium, (2) magnesium arc, (3a) thermal emission, (3b) thermal absorption. 


sequence appear. The members converge off toward the 
red while the first members are obviously shaded toward 
the violet. The third and fourth members of the sequence 
are barely visible on the emission spectrograms obtained 
by burning magnesium. We see, therefore, a sequence of 
bands initially shaded to the violet, becoming headless, 
and finally shading toward the red. The sixth member of 
the sequence appears quite intense on the emission 
spectrograms and indeed is shaded to the red. From this 
we can conclude nearly equal rotational constants for 
the two states, B;’~B,”. From the direction in which 
the bands are progressing we can also conclude: w1’<w,”. 
Another interesting feature is that the band heads at 
\3721.49, \3725.7, and 3731.75 each have multiple 
components, an indication of multiplet states with 
Hund’s case (b) coupling. 

The second system has two sequences of comparable 
intensity both degrading and progressing toward the 
violet, B,'/> B,", we’ > we", 

A third system has one intense sequence of bands at 
\3798 shaded and progressing toward the red and a 
second weaker sequence at \3684 also shading and 
progressing to the red. This shows us: B;’<B;” and 
w3’<w;"", 

Other weaker bands also appear in thermal absorption 
but were not measured. Some of these may be members 
of the systems already mentioned or may be part of 
another system. In order to explain the presence of so 
many band systems as part of a simple diatomic 


spectrum we are forced to recognize the existence of 
several electronic states. One explanation is that there 
are two upper electronic states lying close together and 
two lower states lying close together. Correlation rules 
allow a *2 and *@ state to form from the ground-state 
magnesium and oxygen atoms. An alternate explanation 
is that the molecule is polyatomic and we are observing 
more than one mode of vibration. Considering all 
aspects of the spectrum, however, the former solution 
appears to be the more likely. Verhaeghe”’ is also of the 
opinion that several states are involved. 

A provisional vibrational scheme is given for System I 
in Table VI. We have taken the intense band at \3721 as 
the beginning of the 0,0 sequence. This scheme must be 
taken tentatively until the numbering of the bands is 
definitely established. 


IV. IDENTIFICATION OF THE “ULTRAVIOLET 
SPECIES” 

A rotational analysis of the ultraviolet spectrum 
would give us a moment of inertia which would be more 
conclusive in identifying the unknown molecule. Even 
on the high dispersion obtained here, however, the 
rotational structure was only partially resolved and a 
rotational analysis proved to be too difficult. A study of 
the isotope shift would also give us additional informa- 
tion about the molecule. A third method to distinguish a 
monomer from a polymer is to study the intensities of 
the ultraviolet and green bands together under equi- 
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TABLE VI. Vibrational analysis of one principal ultraviolet system (in kaysers). 











v” 0 i 2 4 5 6 7 

Vv’ 
0 26863.9 (875.9) 25988.0 

801.5) 
1 26789.5 (855.2) 25934.3 

775.7 (779.9) 
2 27565.2 (851) 26714.2 
3 26649.7 
4 26592.6 

(722.4) 

5 27315.0 (772.7) 26542.3 
6 26497.6 
7 26459 


we"902,  Xeal"~13 


we817, Xeéw’= 9.5 








librium vapor conditions, at constant temperature, but 
varying the thermodynamic activity of the solid MgO. 
The chemical equilibria are: 


MgO (s, activity 1)=MgO(g,'>)=1/x(MgO).(g) (1) 
MgO (s, activity 2) = MgO(g,'2)=1/«(MgO).(g). (2) 


The thermodynamic relationship is: 
P13 activity 1) \* (——" 
Cee -) = P(Mg0)x (activity =) 
or, expressed in terms of intensities: 
(— ~) “i (— 1) 
13 (activity 2) - I (Mg0)x (activity ) 
where J1z and J(mgo) refer to intensities of the green 
and ultraviolet bands, respectively. 


Comparing the intensities of the two band systems at 
different activities of the solid will give a value for x. 








Experimental 


Solid MgO was heated in the King furnace as de- 
scribed earlier. The graphite heating element was lined 
with tantalum and tungsten, respectively, and the MgO 
was in contact with the tungsten only. When the 
furnace had reached the desired temperature, several 
emission tracings of both systems were made. The 
intensities and corresponding temperatures are shown in 
the first three columns of Table VII. The furnace tem- 
perature was then increased to 2750°K at which temper- 
ature the MgO reacted rapidly with the tungsten lining. 
The furnace was then lowered to approximately its 
original temperature and several tracings of each system 
were made. These results are shown in Columns 4, 5, and 
6 of Table VII. In the initial runs solid MgO existed in 
the furnace and hence the intensities pertain to the solid 
at unit activity. Tungsten reacting with the solid 
eventually removes the MgO phase and produces a 
second phase at reduced MgO activity. This reduction 
in activity causes a corresponding reduction in intensity. 





For both systems integrated intensities were meas- 
ured. The reported values are proportional to the areas 
inclosed by the bands and extrapolated background, as 
shown in Fig. 3, and all intensities are adjusted to the 
same amplification gain. For the ultraviolet system the 
region between \3700 and 3830 was used, and the 0,0 
sequence at \5007 was treated for the green system. 


Discussion of Data 


The comparison of the two sets of data is shown in the 
last two columns in Table VII. The values of each set at 
reduced solid activity are compared with the average 
value of each set at unit solid activity. The ratios of each 
set of values at most deviate 20 percent from the aver- 
age values, and within this experimental uncertainty the 
two sets of values are equal. We conclude, therefore, 
x=1 and a monomer of MgO is involved in the ultra- 
violet transition. 

If the molecule were a dimer, that is if x=2, the 
ultraviolet bands should decrease as (0.32)? or to ap- 
proximately one tenth of their original value. If this 
were the case, the ultraviolet intensities would be off by 
a factor of three which is far from the limit of un- 
certainty. 

If the gaseous molecules were not in equilibrium 
within the furnace, we would expect an anomalous trend 
in the two sets of figures. Equilibrium is fairly certain 
since all runs were made under 0.2 atmos of argon to cut 
down diffusion of the vapor out the ends of the tube. In 
case a dimer had been formed in the gas phase, the total 
pressure of MgO vapor would still be high enough to 
insure a sufficient number of collisions between vapor 
species themselves. 

It was also possible to reduce the solid activity by 
heating MgO and ZrO» mixtures. A mixture of 20 mole 
percent MgO was heated to 2600°K, and tracings of 
both systems were made. The two systems appeared 
with comparable intensity, and both were decreased to 
approximately one-fifth the intensity observed with 
pure MgO at the same temperature. Accurate integrated 
intensities could not be compared, however, since 
chloride impurities in the ZrO2 produced MgCl (g) which 
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has many strong bands in the same ultraviolet region 


as MgO. 


Term Diagram 


Treating the “ultraviolet species” as the principal 
vaporizing monomer, using the thermochemical heat of 
sublimation and the spectroscopically determined heat 
of sublimation of the ' state, employing the correlation 
rules and using the frequency measurements in Table V, 
we set up the following energy level diagram for the 
gaseous molecules. 








37* and *d* 


26864 K = 3.33 ev 
| 








185+15 kcal=8.0+0.7 ev 
130+1 kcal=5.65+0.05 ev 








Mg0(s) 
Sublimation Point of MgO 


Since solid MgO vaporizes mainly to MgO gas, the 
calculation of the boiling point or sublimation point will 
depend strongly on the heat of sublimation for the 
reaction MgO(s)=MgO(g). The partial pressures of 
Mg(g), O(g), and O2(g) contribute only slightly to the 
total vapor pressure. With known thermochemical] data 
we calculate the temperature at which the sum of the 
partial pressures of all gaseous species is one atmosphere. 
The important equilibria and thermochemical data are 
as follows: 


MgO(s) = Mg(g)+O(g) ; 
(—— AH 298 
3000 
AH o3= 238.8+0.5, 
AF 3900— AH 298 
3000 
Po 
AHo3=59.55+0.02, Ke= ‘ 
Pos 
MgO(s) = MgO(g,*5), 
( AF s000— AH 298 
3000 
AHo3= 130+ a 





) =65.57+0.9 cal/deg, 


K,i=PmgPo, 





10,(@)=0; —( 


)- 15.50+0.1, 





) =42.4+0.9, 


K3= Pagow)- 
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TaBLE VII. Experimental data showing relative intensities of 
green and ultraviolet systems at different activities of solid MgO 
and proving a monomer of MgO is involved in the ultraviolet 
transition. 








liz I(MgO), liz 
(unit solid activity) T°K 


12.4 28.6 


13.5 25.8 
12.3 23.4 


I(MgO), 
(reduced solid activity) 


2595 3.5 11.3 
2595 4.75 8.25 
2595 4.0 7.8 


(= (reduced solid 9) —— solid activity) ) 
TY (unit solid activity) 7 Ta2605~2600 T 2595-2600 


ly (unit solid activity) 
0.27 


0.43 
0.36 0.32 
0.31 0.30 


ri 


2605 
2600 
2600 











Average 0.32 0.35 








Considering the free energy functions to be constant 
over a 100° range, and using the relation Py,=2Po2 
+Po, successive temperature approximations were 
made until the calculated sum of all partial pressures 
was one atmosphere. At T= 3040°K we find: Pug+Poe 
+Po~0.1 atmos and Pmgo(,)~0.9 atmos. 

The free energy functions for solid MgO were calcu- 
lated to 2100°K from Kelley’s tables,’ and an esti- 
mated heat capacity of 14 cal/deg was used to extend 
the calculations to 3000°K. The principal uncertainty in 
the calculation of the sublimation temperature is the 
uncertainty in the free energy functions of solid MgO. 
This corresponds to an uncertainty of +60°K in the 
calculated sublimation point. We therefore take the 
sublimation temperature as 3040+60°K. 

It is well to note that this calculated sublimation 
point lies very close to the reported melting point of 
MgO.” The most accepted value of 3075°K for the 
melting point was obtained from heating curve experi- 
ments from which it appears the solid could have either 
melted or vaporized. The results of our calculation 
show the solid oxide should sublime before it melts or if 
the solid does melt at 3075°K, liquid MgO must boil 
very close to the melting point. 
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A comparative study is made of the LCAO MO model (including overlap) and the FE MO model. Ener- 


gies and electronic distributions are examined and the concepts “atom population” and “bond population” 


are analyzed. A close correspondence is found to exist between the two theories. 





N the preceding articles of the present series, the 
free-electron model was defined, its mathematics 
were developed for the case of hydrocarbons with the 
neglect of electronic interaction, and the results of a num- 
ber of calculations were reported.'*> These investiga- 
tions had shown certain similarities with the LCAO MO 
model, whereby we wish to understand the LCAO MO 
theory, simplified by the neglect of electronic inter- 
action operators and integrals between non-neighboring 
atomic orbitals, but including the overlap effects between 
neighbors.‘ In the present paper this relation will be 
examined more closely, and a remarkable kinship will 
be uncovered between these two MO theories which 
superficially appear to be so different. 

It was already pointed out in (I) that the free- 
electron model is not so strictly a one-dimensional 
theory as is commonly believed and that, on the other 
hand, the LCAO model is not so completely a three- 
dimensional theory as is usually assumed. Indeed, both 
theories yield molecular orbitals of a “tubular” form, 
and the fourth section of the present paper will discuss 
this matter in more detail. 

Furthermore, it will be shown that in both theories 
the mathematical apparatus of the quantum-mechanical 
problem is clearly divided into three steps, namely : 


Step 1: Solution of the eigenvalue problem of a cer- 
tain auxiliary matrix; 
Step 2: Calculation of the energies from the eigen- 


values of Step 1; 
Step 3: Construction of the wavefunctions from the 
eigenvalues and eigenvectors of Step 1. 


* Presented at the Symposium for Molecular Structure and 
Spectroscopy, held June 15-19, 1953 at The Ohio State University, 
Columbus, Ohio. 

t This work was assisted by the Office of Naval Research under 
Task Order IX of Contract N6ori-20 with The University of 
Chicago. 

1 (a) K. Ruedenberg and C. W. Scherr, J. Chem. Phys. 21, 1565 
(1953), hereafter quoted as (I); C. W. Scherr, J. Chem. Phys. 21, 
1582 (1953); J. R. Platt, J. Chem. Phys. 21, 1597 (1953); C. W. 
Scherr, J. Chem. Phys. 21, 1413 (1953); K. Ruedenberg and C. W. 
Scherr, J. Chem. Phys. 22, 151 (1954). (b) Recently J. S. Griffith 
has independently derived part of the results presented in the 
papers mentioned in reference 1(a). See J. Chem. Phys. 21, 174 
(1953) and Trans. Faraday Soc. 49, 345 (1953). (c) Hence the 
“LCAO model” may be defined as “Tight-binding approximation 
with neglect of electronic interaction operators.” 
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This formal analogy permits a step-by-step comparison 
and thereby leads to a comparative study of the energies 
and the distribution of electrons. 

The auxiliary matrix of Step 1 in the conventional 
LCAO model will be called M; the corresponding matrix 
in the conventional FE model, i.e., the model considered 
in our previous papers, is called F.? Since one has in 
general F#M, the two models seem to differ with 
respect to Step 1. We shall however see that it is reason- 
able to construct a modified LCAO model which has the 
matrix F for Step 1, and a modified FE model which has 
the matrix M for Step 1. Thus Step 1 actually presents 
no real difference between the FE model and the 
LCAO model: each has a ““M variant” and a “F vari- 
ant.”” On the other hand, the relations which form 
Step 2 and Step 3 are formally quite different in the 
two models. Hence, we shall actually deal with four 
different theories, namely two variants (determined by 
Step 1) of both models (determined by Steps 2 and 3). 

The principal result of the present investigation will 
be that, in spite of the formal differences, Steps 2 and 3 
are really quite similar in nature in the two models and 
that therefore, for a given variant of Step 1, the FE and 
the LCAO models yield nearly identical numerical 
results for the energies and the electron distributions. 
The quantitative differences are certainly smaller than 
the errors introduced by the approximations involved in 
either model, and the differences between the M and F 
variant of one model may exceed the differences be- 
tween the FE and the LCAO model for one variant. 

For the purpose of studying the electronic distribu- 
tions, the concepts of electronic populations around 
atoms and in bonds will be developed. Their analysis 
will lead incidentally to a precise physical interpretation 
of the quantities a and 6 defined in (I) and of the quan- 
tity q defined in the LCAO model. 


1. THE LCAO MO MODEL 


We start with a short description of the LCAQO 
model with constant resonance and overlap integrals, 





2 The present paper introduces a slight modification in notation: 
by F we now denote the matrix which was called § in paper (I); 
its eigenvalues [called F,, in paper (I)] are now denoted by fn 
No use is made of the matrix denoted in (I) by F, which now 
would be written as (T-'FT—'—/I). 
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FREE-ELECTRON NETWORK 


including overlap effecis, in a form suitable for the in- 
tended comparison.* 


Conventional LCAO MO Model 


In this theory a z electronic one-electron wave func- 
tion ®,,(«,y,z) of a conjugated system is expressed as 


N 
®,, (x,y,2) = pe Cen XP(%,Y,2), (1.1) 
P=1 
where the summation extends over all atoms P, and 
xp= (2pm) p (1.2) 
is a normalized 2pm orbital on atom P, having the 
molecular plane as nodal plane and its positive part 


above the plane. We collect the coefficients cin’* + -¢yn’ 
in the column matrix 
tus” | 
/ . 


Ch = F ; (1.3) 
| - 


and the matrix elements 





Javxegxe=Gre' (1.4) 


of an operator G in the square matrix 
G’= {Gpq’}. (1.5) 


G=1 and G=% yield the matrices 


Spa= fe VxPXe (1.6) 


Hog’= | aVxiexe. (1.7) 


The precise nature of the Hamiltonian 5 need not be 
specified. The variation principle leads to the eigen- 
value equation 


(H’—Se,)en’=0, (1.8) 
with the normalization 
fave, _ (c,’)*Scn'=8,, ne (1.9) 
Equations (1.8) and (1.9) can be rewritten as 
(H—«,])e,=0, (1.10) 
Ca*Ca = Suna; (1.11) 
where I is the unit matrix and 
H=S"°H’S-:, (1.12) 
Ca= Sic,’. (1.13) 


* The inclusion of overlap effects in the LCAO theory is de- 
scribed by B. H. Chirgwin and C. A. Coulson, Proc. Roy. Soc. 
(London) A201, 196 (1950), and by P. O. Léwdin, J. Chem. Phys. 
18, 365 (1950); 21, 496 (1953). These papers also contain refer- 
ences to earlier work. The present approach resembles Léwdin’s. 
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The reason for this algebraic orthogonality of the column 
matrices Ca, Cm is that the ¢in++-cv, defined by (1.13) 
are the coefficients in the expansion 


N 
?,= # CPnXP’, 


P=1 


(1.14) 


where the Léwdin orbitals x,°- --x° form an orthonor- 
mal set of functions defined by‘ 


N 


x= DL (S™) pexe. (1.15) 
P= 
Similarly, H is the matrix of 3€ in this basis: 
Hrg= f dVxs!3¢xd. (1.16) 


The matrices S? and S~! are defined as those matrices 
which have the same eigenvectors as § and which have 
the eigenvalues (++/s,) and (+1/1/s,), respectively, 
where s,, are the eigenvalues of S. A definition by series 
expansion has been given by Léwdin.’ 

The following two assumptions are now made: 
(1) Only integrals between neighbors do not vanish. 
(2) Analogous integrals have the same value for all 
neighbor pairs in the molecule. As a consequence, the 
matrices § and H’ of (1.6,7) have the form 


S=I1+SM, (1.17) 
H’=al+8M, (1.18) 

where 
S= { dVxixe (1.19) 


> P and Q being neighbor atoms, 


(1.20) 





B= [av xrstxo, 
a= f dV xr8xr, 


and M is a matrix characteristic of the molecule, having 
the elements: 


(1.21) 


1 if P and Q are neighbor atoms, 


M pe= (1.22) 





0 otherwise, also if P=Q. 


Since H’ and § both are functions of M they commute, 
and the matrix H (1.12) becomes 


H= (aIl+8M)(I+.SM)-, (1.23) 
H=al+yM(I+.5M)-, (1.24) 

with 
y=B—asS. (1.25) 


Let c, be an eigenvector and m, an eigenvalue of M: 
(M—m,I])c,=0. (1.26) 


4In Eq. (1.15), (S~*)p@ denotes an element of the matrix S~}. 



























































































































































































































M is symmetric, and has \ orthonormalized eigenvec- 
tors ¢;:--Cy. Since H and S are functions of M, these 
eigenvectors of M are simultaneously eigenvectors of 
H and §, i.e., solutions of Eq. (1.10) and of 


(S—s,])c,=0, (1.27) 
(Si—s,Den=0, (1.28’) 
(S?—s, i De,=0. (1.28’”) 


By virtue of (1.17,24) the eigenvalues of H and S are 
éen=atym,/(1+Sm,), (1.29) 
Sn=1+Smy. (1.30) 


The column vector ¢c,’ (1.3), corresponding to the eigen- 
vector Ca, follows from (1.13), which, by virtue of 
Eqs. (1.27,28’,28”), simplifies to 


Ca’ = S~teg = Spa = (1 +Sm,)~ ea, (1.31) 


so that the wave functions (1.1) become 


?,= (1+Sm,)—? > CPnXP- (1.32) 
P 


Hence the subscript P in cpp, if Cn is an eigenvector of M, 
still indicates a meaningful relationship to the atom P— 
a relationship which does nof exist for the subscript 
denoting the different components of a general cy given 
by (1.13). 

It is customary* to define the z-electronic “charge 
density” gp at an atom P and the z-electronic ‘“‘bond 
order” (mobile bond order) ppg of a bond PQ by the 
following equations: 


qp=)>, £nCPn’, (1.33) 


pre=d. Bn€PrlQn; (1.34) 


where gn=0, 1, 2 is the number of electrons in the 
nth orbital [See (I), Eq. (2.68’)]. The definitions 
(1.33,34) contain the quantities cp, and not the quan- 
tities cp,’. 

It can now be seen that the quantum-mechanical 
problem can indeed be decomposed into three steps: 
Step 1 is the solution of the eigenvalue equation (1.26) 
of the auxiliary matrix M; Step 2 is the calculation of 
the energies ¢, from the eigenvalues m, by means of 
Eq. (1.29); Step 3 is the construction of the wave 
functions ¢, from the eigenvalues m, and the eigen- 
vectors ¢, by means of Eq. (1.32). 


Modified LCAO MO Model 


Although the motive for the construction of the 
modified LCAO model is the intended comparison with 
the FE model, an argument can be given to show that 
the modification is not unreasonable. 

Since the joint atoms are in a particular physical 
surrounding, a better approximation can be expected 
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if, in the expansion of Eq. (1.1), the orbitals xp corre- 
sponding to joint atoms are chosen so as to be slightly 
different from the orbitals on the other atoms. Since it 
is furthermore recognized that bonds between joint 
atoms and their neighbors are longer and therefore less 
populated than other bonds, the orbitals on the joints, 
if assumed to be different, should be chosen in such a 
manner as to yield smaller numerical values for the 
resonance and overlap integrals in which they are 
involved. Let us therefore assume the joint-atom orbitals 


to be such that 
Spa= T pT QS, 


Bra = Tp T 08, 


where Jp (and TQ) is the quantity defined in (I), 
Eg. (2.50), namely 


(1.35) 


1, if P is not a joint, 


T p= | (1.36) 


(2)3, if P isa joint, 


although the reduction of the integrals by the factors 
(2)!=0.82 and (3)=0.67 may seem somewhat drastic. 
Let us furthermore assume that, similar to the normal- 
ization integral, the Coulomb integral a of Eq. (1.21) 
is the same for joints and nonjoints.® As a consequence, 
Eqs. (1.17), (1.18) of the preceding section have to be 
replaced by 

(1.37) 


(1.38) 


S=I+SF, 

H’=al+6F, 

where F is the matrix defined in (I), (2.53), namely’ 
TpTg, if P and Q are neighbors, 


F pa= 1.39) 
0, otherwise, also if P=Q. 


If we introduce the matrix 
T={T po}, 


which was already defined in (I), Eq. (2.50), we may 
also write 


T pq= T pi pa, (1.40) 


F=TMT, 


where M is the matrix defined in (1.22). 

The effect of the substitution of Eqs. (1.37), (1.38) 
for Eqs. (1.17,18) is the following one: Substitute F for 
M in Eqs. (1.23)—(1.25) ; replace Eq. (1.26) by’ 


(F—f,D)c,=0; 


substitute F for M and /, for m, in all equations follow- 

ing Eq. (1.26). In other words: Step 1 of the quantum- 

mechanical problem has been changed from (1.26) into 

(1.42), but Steps 2 and 3 have remained unchanged. 
In the case of polyenes we have T=I, hence 


F=M, (1.43) 


5 This assumption of lowering the absolute value of S and § for 
joints and of keeping a the same is actually similar to the more 
frequently proposed improvement, i.e., of increasing the absolute 
value of a and of keeping S and 8 the same. 


(1.41) 


(1.42) 
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since the molecule contains no joints; and consequently, 
the modified LCAO model becomes identical with the 
conventional LCAO model. 


2. THE FE MO MODEL 
Conventional FE MO Model 


The FE model has been described in (I) ; some further 
developments are contained in the appendix of the 
the present paper. We adopt here the model as defined 
in Eqs. (A.1) ff. of this appendix. The electrons are 
then assumed to move under the influence of the poten- 
tial V(,y,z) which, according to Eq. (A.1), is 


x outside the path tube, 
V (x,9,2) = (2.1) 


\E‘=const _ inside the tube, 


and we find the following three steps for the solution of 
the FE problem. 
Step 1: Solve the auxiliary eigenvalue equation (2.52) 
of (I): 
(F—/,1) 6.=0, 


where F is the matrix” of Eqs. (1.39,41) and 


(2.2) 


Yin 


Pn 








PNn 


Step 2: Calculate the energy by means of (I), 
Eq. (2.49), and Eq. (A.3,4) of the appendix, which we 
rewrite in the form? 


E,,=Ep(arccos?(4/,)—i9 J+-P", (2.3) 
with 

Po=lyPEp+EV+Et (2.3) 
where 


(2.3””) 
(2.3’”) 


fn=2 COSKn, 
Ep=En(a/D)’, 


(Ey= ionization potential of hydrogen, a= Bohr radius, 
D=internuclear distance) and E*‘” is discussed in the 
appendix. Since 


=< ——- 
E,—F=0 for /f,=0, 


the groundstate orbitals have their energies <0, if E® 
is chosen as the zero point of energy. 

Step 3: Construct the FE wave functions ¢,(x) from 
the eigenvectors $n: Eqs. (2.32) and (2.50) of (I) yield 


‘ D'¢.=T bz, 
Le., (2.4) 
D9, (P) = Tp¢pn, 


where Tp is given by (1.40), and where ¢,(P) is the 
value of ¢,(x) at the atom P. The vector 9, is defined 
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in (I), Eq. (2.17). One then finds the total function 
n(x) by means of (I), Eqs. (2.21)—(2.30), and of Eqs. 
(A.8)—(A.15). The three-dimensional FE MO’s ©, (x,y,z) 
are then constructed in the manner outlined in Sec. 1 
of (I). 

Step 1 of this model is identical with Step 1 of the 
modified LCAO model, in particular one has the 
identity 
(2.5) 


Furthermore, the FE problem can be converted into 
a form similar to Eq. (1.10) of the LCAO model. For 
this purpose we define the “FE energy matrix” 


E= E>|arccos?(4F)—37°1]+- Pl 


by the usual stipulation that E has the same eigen- 
vectors as F and that the corresponding eigenvalues of 
E are given by Eq. (2.3). Since, for the present purpose, 
Kn=arccos3f, is restricted to the interval 0<x,<7 
[see (I), Sec. 2, subsection “Discussion” ], arccos}f, 
represents a monotonic function, and the matrix 
arccos(}F) can also be defined by the series 


arccos(4F) = 3aI— (4F)—3(4F)* 
— (3/40) (3F)°—---, 


n=Cn. 


(2.6) 


(2.7) 


whence 
E— P°'l= Ep — (3F)+(3F)/r 
— (2F)*/6+ (3F)1/3m--- J. (2.8) 


By means of this matrix Steps 1 and 2 of the FE prob- 
lem can then be combined in the equation 


(E—£,]) é.=0, (2.9) 


which is entirely analogous to Eq. (1.10). We shall see 
that this analogy is not only formal: The LCAO 
matrix H of Eq. (1.23), if modified by the substitution 
M-—>F [see the sentence before Eq. (1.42) ], can be 
considered as an approximation of the FE matrix E. 
Step 3, namely to find the wave functions, is formally 
of course a quite different procedure in the two models. 


Modified FE MO Model 


The modified FE model differs from the previous FE 
model inasmuch as the free-electron path is defined 
differently ; the equations of motion on the path remain 
unchanged. The difference in the electron path is 
illustrated by Fig. 1 for the case of styrene: Fig. la 
shows the path for the conventional FE model; Fig. 1b 


a 


Fic. 1. Electron path in styrene: (a) conventional FE model, 
(b) modified FE model. 
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shows the path for the modified FE model. Thus, the 
modified model is obtained by adding a tail of one bond 
length to each nonjoint atom so that every atom is now 
a joint where three branches meet at angles of 120°.° 
In this case, it is useful to be able to distinguish between 
the “genuine” joints which already existed in the con- 
ventional model and the ‘“‘fictitious” joints created by 
the modification at those atoms which were previously 
nonjoints. The former will be called ‘‘true joints”; the 
latter will be called ‘false joints.” 

Carrying through the theory of this FE problem in 
the manner described in (I), Sec. 2, and in the appendix 
of this paper, one realizes that, for this particular bond 
path, where all atoms are joints, the rdle of the matrix 
F of (I), (2.53) is taken over by the matrix 3M, where 
M is the matrix defined in Eq. (1.22). As a consequence, 
the modified FE problem can be formulated in the 
following fashion: 

Step 1: Solve the auxiliary eigenvalue equation 


(M—m,,]) 6.=0 (2.10) 


instead of Eq. (2.2). Accordingly, Eq. (2.3’) is replaced 
by 
(2.11) 


Step 2: Calculated the energy which, according to 
Eqs. (A.3), (A.4) and (2.11), is now given by 


E,,= Ep{[arccos?(4m,,) —12* |+ F° (2.12) 


rather than by Eq. (2.3). The constant £° is still de- 
fined by Eq. (2.3’). 

Step 3: Construct the wave functions ¢,(«) from the 
vectors $,: Since all atoms are joints, one has now 


D*$,= (3)? On, 
D',(P)= (3)? en, 


instead of Eq. (2.4). From the values ¢,(P) at the atoms 
one finds ¢,(x) again according to (I), Eqs. (2.21)— 
(2.30) and of Eqs. (A.8)—(A.15); and hence ®,,(x,y,z). 
The normalization integral, 


J dxp,?(x)=1 
L 


extends now over a larger one-dimensional space 1 than 
in the unmodified FE model. However, the eigenvectors 
$, are still normalized by 


n° On=1; 
and the dimension (=number of components) of the 
eigenvector $, is unaffected by the addition of free end 
points and therefore the same as in the unmodified FE 


model. 
In constructing the wave function ¢,(«), every bond 
? 


M,=3 COSKn. 


i.e., (2.13) 





(2.14) 


(2.15) 





6 The suggestion of adding these one-bond tails was first made 
by Dr. M. J. S. Dewar (personal communication through Dr. 
J. R. Platt). 
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and furthermore every one-bond tail at a false joint, 
must now be treated as a branch by itself. Since an am- 
plitude ag and a phase 6, is associated with each branch, 
it follows that the wave function ¢,(«) contains 2V, 
constants, if Vz is the number of bonds; i.e., more than 
twice as many parameters than the eigenvector 64,. 
It is therefore in practice advisable to avoid explicit 
calculation of the wave function and to express all 
desired quantities in terms of the elements of 6p. 

In the preceding formulation of the modified FE 
model we have purposely avoided the use of a matrix F, 
because we wish to adopt the convention that for one 
molecule there exists only one matrix F, namely the one 
defined in Eq. (1.39), and one matrix M, namely the 
one defined in Eq. (1.22). The same convention shall 
hold concerning the matrix T of (1.36,40). This is to 
say, that in the language of the modified FE model T 
is defined by 


T={T re}, Tre=T rire, (2.16) 


1, if P isa false joint, 
ie (2.16’) 
(3)', if P is a true joint, 


so that for a particular molecule the definition (1.36,40) 
and the definition (2.16,16’) lead to the same matrix. 
The matrix F is then defined by Eg. (1.39), and it is 
obvious that the problem of the modified FE model 
cannot be formulated in terms of this F. 

One recognizes that Step 1, Eq. (2.10), is indeed 
identical with Step 1, Eq. (1.26), of the conventional 
LCAO model and, in particular, that Eq. (2.5) is again 
valid. Also Eq. (2.11) furnishes the result that the 
eigenvalues m, of the matrix M lie in the range 


—3<m,<3. (2.17) 


Finally, let us define the “energy matrix’ for the 
modified FE model : 


E= E>|arccos?(4M)—47°I]+ FI, (2.18) 


E— °l= Epx{— (3M)+ ($M)?/x 
— (§M)?/6-+(QM)'/3x---J, (2.19) 


which is analogous to the matrix (2.6) of the unmodified 
FE model. Steps 1 and 2 of the modified FE problem 
can then be condensed into Eq. (2.9), if the matrix E 
in that equation is now understood to be defined by 
(2.18). 

In the case of polyenes, Eq. (1.43) holds, and hence 
Step 1 yields identical eigenvalues m,=/f,, and eigen- 
vectors $, for the two FE variants [see Eqs. (2.2) and 
(2.10) ]. [According to (2.3”), the relation (2.17) can 
be replaced by —2<m,<2 in this case. ] Steps 2 and 3 
however do not become identical: (1) The wave func- 
tions ¢,(«) are obviously quite differently defined; (2) 
the F variant uses the energy formula (2.3), whereas 
the M variant uses the energy formula (2.12). Since the 
modified model provides a larger path for the motion of 
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Fic. 2. Energy curves. Heavy lines: arccos*x—}2*; dashed lines: hyperbolas of the form of Eq. (3.7). See Table I. 


the electrons, it is to be expected that it leads to nar- 
rower energy spacings than the unmodified model. 
This expectation is easily verified by means of Eqs. (2.3), 
(2.12), and the curve of (arccos*x—ja*) in Fig. 2.1. 
However, since physical considerations suggest that 
the electron path of polyenes may be even shorter than 
in the conventional FE model, it is not very plausible 
to apply the modified FE model here. 


3. ENERGIES 


We have examined in detail the three steps which 
constitute the quantum-mechanical problem in each 
of the four theories. It was established that each model 
has a M variant and a F variant and that for the same 
variant the two models coincide with respect to Step 1. 
Step 2, i.e., the calculation of the energy, will now be 
considered. 

In the M variant, we have to compare the energy 
function [see Eq. (1.29) ] 


e(m)=a+tym(1+Sm)“ 


of the conventional LCAO model with the energy func- 
tion [see Eq. (2.12) ] 


E(m) = Ep[arccos’ (4m) —142? |+ 2° 


(3.1) 


(3.2) 


of the modified FE model. 

In the F variant, we have to compare the energy 
function [see Eq. (1.29) and the remarks after Eq. 
(1.42) ] 


e(f)=at+y(1t+Sf)7 (3.3) 


of the modified LCAO model with the energy function 
[see Eq. (2.3) ] 


E(f)=£p[arccos*(} f)—}a? J+ E° (3.4) 


of the conventional FE model. 
In each of the Figs. 2.1, 2.11, 2.111, 2.1V, 2.V, the 
heavy line represents the function 


(3.5) 


y=arccos*x—}r’, 
and the dotted lines represent five different hyperbolas 


y= (a—bx)/(1+cx). (3.6) 


In each case, the three points in which the hyperbola 
intersects the function (3.5) determine the three param- 
eters a, 6, c. Since, in all five cases, the two points 
0(0;0) and P(1; —j7*) are common to both curves, 
Eq. (3.6) simplifies to 


y=—bs/(Itex), bated. BD 


The values of the parameters 4 and ¢ are listed in Table I 
for all five cases. We may say that the Figs. 2.I-2.V, 
show five different ways of approximating the curve 
(3.5) by an hyperbola. 

These graphs show that, for a given variant, the 
LCAO energy function and the FE energy function are 
extremely similar to each other: 


e(m)~E(m); «(f)~E(f), 


provided that the parameters a, y, S in the LCAO 


(3.8) 


TaBLE I. Specifications of the five hyperbolas in Fig. 2. 











Figure Points of intersection (x,y) 








2.1 
2.11 
2.111 
2.1V 
2.V 


Pi; ~ 40°), 
P(1; —jn°), 
P(1; —in’), 
P(1; —jr°), 
P(1; —{n°), 


A (4; —5x*/36), 0(0,0) 
0 mys B ~~ 
0(0,0), 
0(0,0), 


0(0,0), E(-1 


; 7/36) 

C(—0.8; 0.382292?) 
D(—0.9; 0.483487") 
3 am) 


0.25 
0.3125= (5/16) 
0.36038 
0.39156 

0.5 
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TABLE IT. Values of y and S for the five cases of Table I. 











F-variant M-variant 
a ——y 
Case cm! kcal/mole S cm kcal/mole S 
2.1 24176 69.128 0.125 16117 46.084 0.08333 
2.11 25385 72.586 0.15625 16923 48.389 0.10417 
2.IIT 26311 75.234 0.18019 17541 50.155 0.12013 
2.1V 26914 76.957 0.19578 17942 51.303 0.13052 
2.V 29011 82.954 0.25 19 341 55.301 0.16667 








energy function are appropriately chosen, namely, 
a= D=irEptE"+E', 
—}bEp 


y= 
S=$c 


(3.9) 
for the F variant, (3.10) 


= —}bEp 


for the M variant, (3.11) 
S=4c 


where 6 and c¢ have the values of Table I. The first 
equation of (3.8) states that the eigenvalues of H, 
(1.23), are very close to the eigenvalues of E, (2.18); 
hence, the matrix H represents an approximation to the 
matrix E. The second equation of (3.8) states that the 
eigenvalues of H, (1.23), if modified by the substitution 
M->F, are close to the eigenvalues of E, (2.6); hence 
the matrix H represents an approximation of the 
matrix E also in this case. 

It should be noted that the very high energies are 
practically unimportant, so that the hyperbolas in 
Figs. 2.I-2.IV, approximate Eq. (3.5) in the useful 
region. Within this region the fit is seen to be close. 
It is moreover satisfying that, for a given modification, 
the order of the energy levels is the same in the two 
models, regardless of the choice of the parameters a, y, S. 

On the other hand, the order of the eigenvalues f, of 
F is not always the same as the order of the correspond- 
ing eigenvalues m, of M. Consequently, the order of the 
energy levels in the F variant differs sometimes from 
the order of the corresponding energy levels in the 
M variant. This fact was already mentioned in (I) 
between Eq. (2.67) and Eq. (2.68), where it was also 
explained that symmetry characteristics establish a 
one-to-one correspondence between the eigenvalues of 
F and M. 

It may also be noted that the neglect of overlap in 
the LCAO model (S=0) amounts to replacing the 
hyperbola (3.6) by a straight line; this approximation is 
therefore comparable to Simpson’s approximation for 
the FE model [see Eqs. (A.5)—(A.7) of the appendix ]. 

The Eqs. (3.10), (3.11) show that the comparison 
of the FE model with the LCAO model leads to numeri- 
cal values for the overlap integral S of Eq. (1.19) and 
for the parameter , which is related to the resonance 
integral 8 of Eq. (1.20). Equation (3.9) establishes a 
relation between those quantities in the two theories 
which determine the zero point of the binding energy. 
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If the value of (I), Eq. (2.66), is used for Ep in Eqs. 
(3.10), (3.11), then the five cases of Table I yield the 
values of y and S given in Table II. It is extremely 
gratifying to note that these ‘theoretical values” lie 
in the same range as the semiempirical values of y and 
S. According to (2.3’”’) we furthermore find the correct 
result that || decreases with increasing D in the region 
where the FE model is valid. Also one finds, in accord- 
ance with the LCAO model, that all y’s are of the order 
of magnitude of } the z-electronic binding energy of 
ethylene. 

The principal result of our discussion is however 
that the resonance parameter vy is of the order of mag- 
nitude of the energy constant Ep defined in Eq. (2.3’”) 
and in (I), Eq. (2.62). According to (I), Eq. (2.61) fi, 
the latter determines also the order of magnitude of the 
lowest excitation energies. It follows that Ep= (a/D)°Ex 
1.9 ev is the natural energy unit for those processes in 
conjugated systems which have their origin in the wr elec- 
trons. It can be interpreted by the following atomic 
picture: In order that the lowest orbit of an (hypo- 
thetical) atom have the radius of the benzene ring 
(=D), a central charge of Z= (a/D)~0.38 proton unit 
is required; the energy of an electron in such an orbit 
would be Ep. Also Ep is the lowest kinetic energy 
permitted by the uncertainty principle to an electron 
cloud of linear dimension D. 

The usual procedure in the conventional LCAO 
model is to assume for S the value 0.25 and then to de- 
termine y empirically from spectroscopic data or from 
resonance energies. One finds the spectroscopic ‘’s 
to be different from the resonance y’s. Table III lists 
the empirical values of y for polyenes and for ring 
systems in the first and third columns. Since these 
values are obtained from the conventional LCAO 
model, we have to compare them with our figures for 
the M variant in the case of ring systems. In the case of 
polyenes, the values of either variant would be com- 
parable; but in view of the arguments presented at the 
end of Sec. 2, we choose here the F variant. Further- 
more, we can try to account for the difference between 
the two types of y values by arguing: the resonance 
energy is a property of the ground state and should 
therefore yield the y of the hyperbolas in Fig. 2.1; 
the spectroscopic y, on the other hand, involves excita- 
tions and should rather belong to the hyperbola in 
Fig. 2.IV. In this fashion, one obtains the four different 
theoretical y values which are given in the second and 


TABLE III. “Theoretical”’ and empirical values of y. 








Resonance * Spectroscopic * 





Emp» Theor4 Emp¢ Theor? 
Ring systems 14 000 16 100 23 000 17 900 
Polyenes 7500 24200 32000 26900 








® The table lists (—~) in units of cm 

b G. W. Wheland, J. Am. Chem. Soc. 63, 2025 (1941). 
e¢ J. R. Platt, J. Chem. Phys. 18, 1168 (1950). 

4 From Table III. 
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fourth columns of Table III. Except for the resonance 
of polyenes, the empirical differences are qualitatively 
reflected by the theoretical values. A more exact com- 
parison would be obtained, of course, if the semi- 
empirical y’s were determined under the assumption 
that S has the corresponding values given in Table II. 


4. ELECTRON DISTRIBUTIONS 
Populations 
Concept 


We now focus our attention upon the result of Step 3 
in the quantum-mechanical problem, i.e., upon the 
wave functions. Although the results of Step 1 are 
identical in the two models (for a given variant), it is 
obvious that the FE wave functions will look rather 
different from the LCAO wave functions. Nevertheless, 
it will turn out that the distribution of electrons is 
remarkably similar in the two theories. 

There are two basic quantities which can be defined 
in a conjugated system to give useful information about 
the distribution of w electrons without going into too 
much detail: the atom populations and the bond popula- 
tions.” The definition of these quantities is based upon 
the fact that the electronic wavefunctions have, in the 
FE and in the LCAO model, a “tubular” shape as has 
been discussed in (I), Sec. 1. [See Fig. 3 of (I) and also 
Fig. 5.1 of the present paper. | Let us decompose the 
total tube volume into sections in such a fashion that 
each section is centered around one atom and all 
sections together exhaust the entire tube; let V(P) be 
the volume of the section belonging to the atom P. 
Then we define the population at atom P by® 


pop’ V (P)= dV p(x,y,2), (4.1) 


V(P) 
where p(x,y,z) is the total electron density, 


p(%,9,2) =D gn Pn? (x,y,2). (4.2) 
[gn=0,1,2 denotes the number of electrons in the orbital 
®,. | Similarly, if one decomposes the total tube volume 
into sections in such a fashion that each section con- 
tains one bond and all sections together exhaust the 
total tube volume, and if furthermore V(M/) denotes 
section containing the bond with the midpoint M, 
then 


pop’ V (M)= dV p(x,y,2) 
V(M) 


(4.3) 


defines the population of this bond. The normalization 
of the wave functions, in conjunction with the “ex- 


"The distinction between electron densities and electron 
Populations was first suggested by J. R. Platt. 

*The term “atom population” has been chosen for simplicity. 
‘more correct name would be: “population in the neighborhood 
of an atom.” 
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haustive property” of the population definitions, 
guarantees the conservation relations 


x pop'V(P)=2 pop’(M)=N, (4.4) 


where the summation extends over all atoms P or over 
all bond midpoints M, respectively ; and where N is the 
total number of electrons. 

It should be noted that these definitions cannot be 
interpreted to mean that a certain percentage of all 
electrons belongs to atoms and the rest form the bonds. 
Such a picture would be quite contrary to the concept 
of the z-electronic mobility. The two population defi- 
nitions are mutually exclusive; they represent /wo 
different ways of building up the folal m-electronic 
population: either from atomic contributions or from 
bond contributions. The populations will be the topic 
of this section; relatively simple expressions will be 
obtained for them, and one result of the theory will be 
the demonstration of the near-identity of FE and LCAO 
populations. 


FE Populations 


Consider a section of the FE tube [see (I), Sec. 1]; 
let L be its “longitudinal extension,” Q its “transversal 
cross section,” and V its volume. In view of (D), 
Eq. (1.18), the FE population of this section can be 


written as 
pop’V = f dxw(x)=pop’L, (4.5) 
L 


where 


w(2)=lim J dQo(x,9.5)=E gutet(s) (4.6) 


is the linear FE density. The FE atom populations will 
be denoted by 


a’ (P)=pop’Lp; (4.7) 


the FE bond populations will be denoted by 
b’(M) = pop’L M- (4.8) 


The integration paths Lp and Ly which enter these 
definitions in the case of the conventional FE model 
are shown as heavy lines in Fig. 3. Minor particularities 
arise at the free end points: 

(1) Lp for the last atom contains the entire “‘tail,”’ 
which exceeds the atom by one bondlength [see (I), 
after Eq. (1.34) ]; 

(2) There exists a “bond population” for the “tail” 
which is formed by the FE path Ly which exceeds the 
last atom. Although this “tail” is not a bond in the 
original sense of the word, we shall define a separate 
population for it. These particularities are necessary in 
order to insure the validity of Eq. (4.4); they are a 
consequence of the “exhaustive property” of the 
population definitions. Equations (4.7), (4.8) are in 
agreement with Eqs. (2.68)—(2.68”) and (2.70) of (I). 
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Fic. 3. Integration paths for populations in the conventional 
FE model. (a) Population for nonjoint atom; (b) Population for 
joint atoms; (c) Population for end atom; (d) Population for 
bond between nonjoint atoms; (e) Population for bond between 
joint and nonjoint atom; (f) Population for tail. 


The integration paths Lp, Ly for the modified FE 
model which are shown in Fig. 4 need explanation. Let 
us call the “tail” which originates from a “‘false joint” 
[see Sec. 2, beginning of the second subsection] a 
“false tail.”® Observe: 

(1) The atom population of a false joint comprises 
integration over the (/ofal false tail. In the case of a 
genuine end atom, the integration therefore includes 
two tails, a “true” and a “false” one. 

(2) It would be unreasonable to treat the false tails 
and their populations separately; it is more sensible 
to consider them as being involved in the adjoining 
bonds. Therefore, we do nol define separate populations 
for the false tails, and at the same time we redefine, 
for the modified FE model, the population of the bond 
between two atoms P and Q in the following manner: 


population of bond PQ=b'(M) 
= (population of electron path between P and Q) 
+4 (population of false tail at P) 
+} (population of false tail at Q). 


If P or Q is a true joint and therefore has no false tail, 
then the corresponding term vanishes in the preceding 
definition. Genuine tails do have separate tail popula- 
tions in the modified as well as in the conventional FE 
model; since they always originate from false joints, 
their population comprises } of the population of the 
false tail originating from the end atom. The conserva- 
tion relation (4.4) still holds for the populations thus 
defined. 


LCAO Populations 


A fundamental assumption of the LCAO model is the 
neglect of all integrals between orbitals on non-neigh- 
boring atoms. Since this hypothesis determines the 
character of the entire theory, there is no reason why one 


® This name shall not however imply that the “false tail” is 
definitely a mathematical fiction. The x electrons may have some 
tendency to move toward the hydrogen atoms. 
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should not frankly express the physical meaning of this 
assumption, namely that only orbitals with a finite 
extension are admitted. Indeed, if the orbital x is used 
in a molecule which contains rings, then xp must vanish 
outside a radius of V3 =0.87 bondlength in the molecu- 
lar plane. It is true that the neglect of non-neighbor 
interaction may be considered as a first-order approxi- 
mation in an expansion according to overlap integrals 
or other parameters of a theory involving atomic 
orbitals with infinite range; but the physical picture 
which represents this first approximation is that of 
orbitals with a finite range. The heavy circles in Figs. 5.1 
and 5.II show a possible picture of the orbitals x p which 
are used in the styrene molecule. Since any molecular 
orbital is a superposition of these xp’s, it can indeed 
be said to have a tubular shape. 

The xp’s are, of course, supposed to be antisymmetric 
with respect to the plane of the paper. The actual size 
and shape of the orbitals is irrelevant; only the follow- 
ing information will be needed: 


xp is cylindrically symmetric, 


xp=0 outside its finite limits, 


farxe= ’ 


r Ss 
a ; 
[Trl as 


In the conventional LCAO model, the orbital wave 
function xp is the same for all atoms. In the modified 


(4.9) 


for neighbors in the con- 
ventional LCAO model, 


for neighbors in the modi- 
fied LCAO model. 








Fic. 4. Integration paths for populations in the modified FE 
model. Cases (a) to (f): as in Fig. 3. On the false tails, the heavy 
line is only half as broad if only } of the population of the false 
tail is to be taken. 
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LCAO model, the atomic orbitals at the joints have a 
different internal structure: We still assume them to have 
the same finite range as the orbitals at nonjoint atoms; 
but in that region of a joint orbital xp which overlaps its 
neighbor orbital, its wave function is (essentially) 
smaller by a factor (3)} than the wave function of a non- 
joint atomic orbital would be. 
The LCAO atom populations will be denoted by 
[see (4.1) ] 
q’ (P)=pop’V (P); 


the LCAO bond populations will be denoted by [see 
(4.3) ] 


(4.10) 


r’(M)=pop’V (/). (4.11) 


There can be little question how the volumes of integra- 
tion, V(P) and V(M), have to be chosen in these defi- 
nitions. They are shown as shaded areas in Fig. 5 for 


f all possible cases which may arise. Again we find par- 


ticularities at the end points: 

(1) The atom population of the last atom is differ- 
ently defined (Case c in Fig. 5). 

(2) There exist a bond population for the “tail” be- 
yond the last atom (Case f of Fig. 5). Again these 
special definitions guarantee the validity of the con- 
servation relation (4.4). 


Approximate Populations 


The conservation relation (4.4) furnishes population 
average values. If the number of electrons equals the 
number of atoms, one finds for the atom populations 


[ pop’ V (P) Jw=1, (4.12) 
and for the bond populations (including tails) 
[pop’V(M)w=[1+3VU+B)/NP, 


where J is the number of joints and £ the number of 
endpoints in the molecule [the number of branches is 
»(E+3J) ]. These average values give the order of 
magnitude for the respective populations, since the 
latter, being superpositions of many orbital populations, 
do not vary excessively. 

It is however useful to have approximate populations 
which, while being easier to calculate than the exact 
populations, are more differentiating than the esti- 
mates (4.12), (4.13). In the following it will be shown 
that, for the theories considered here, all atom and bond 
populations can be written in the form 


(4.13) 


pop’ V = popV +6 popV, (4.14) 


Le., 
a’ (P)=a(P)+éa(P), 


b'(M)=6(M)+6b(M), 
q' (P)=q(P)+6q(P), 
r'(M)=r(M)+6r(M), 


(4.15) 
(4.16) 
(4.17) 
(4.18) 


where 5 popV is a small correction term and popV has a 
simpler mathematical expression than pop’V. The 
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Fic. 5. Integration volumes for populations in the LCAO 
model. Cases (a) to (f): as in Fig. 3. (g) Population of bond be- 
tween two joints; (h) Bond population in polyene chain. 
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pop’V’s are called exact or integrated population; the 
popV’s are called approximate populations. 


Conventional FE Model 


The population (4.5) in the interval (xo —43Z, %o+4Z) is given by 
roth 


pop’'V=2 Zn a dxa,? cos?(knx+6,), 
=D gndan2{ L+k™ sinkL[2 cos*(kxot+6)—1]}n, (4.19) 


whence 
pop’ L=popL-+6 popL, (4.20) 
with 


popL=L 2 gnd,2(x0), (4.20’) 


5 popL=L > gal t—(knL)— sinkaL 4a,2—o.2(x0)]. 4.20”) 


Bond Populations 


Let M be the bond midpoint between the atoms P and Q. 
Putting x»=M and L=D in Eqs. (4.20), (4.20’), (4.20) and 
taking into account the definition (4.6), we find for the two terms 
on the right-hand side of Eq. (4.16) 


6(M) = Da(M), (4.21) 
6b(M)=D2Z ¢g,.(1—«, sink,) [44,2-@,.2(M)], (4.22) 


where kn= Dk, [see (I), Eq. (2.14) ]. The amplitudes a, can be 
eliminated by means of Eqs. (A.13), (A.14) of the appendix, 
whence 


5b(M)=DZ gn(1—Kxn sinkn) (2 sin’x,)(1+coskn) 


X [on2(P) +n? (Q) —2627(M)], (4.23) 
and 
6b(M)=D 2 gn(1—xkn sinkn) (2 sin’«n) (1+ coskn) 

X [coskndn?(M)—¢n(P)on(Q)]. (4.24) 


Substitution of Eqs. (A.8), (A.12) of the appendix in Eqs. (4.21), 
(4.22) yields 


b(M) =Dz gn(l +coskn) 


X (3[612(P) +4.2(Q) J+@n(P)bn(Q)}, (4.25) 
6b(M) = DZ gn(1—Kn! sink») (2 sin®«n)~! CosKn 
X [612(P) +612(Q) — (2bn(P)bn(Q)/coskn) J. (4.26) 


Thus, b(.M), 6b(M), and hence also the exact population b’(M) 
can be found from the eigenvectors ¢, without calculating the 
wave functions ¢,(x) themselves. Equations (4.21-4.26) also 
hold for the bond population of a “tail”; in that case P is the last 
atom and Q is the end point where ¢, (Q) =0. 


Atom Populations 


The population of a nonjoint atom is obtained in similar manner. 
Equations (4.20’), (4.20’) and (A.9) yield the form (4.15) with 


a(P)=Dw(P), (4.27) 
6a(P)=D = £n(1—Kn sinkn)[$a,2—¢,?(P) ], (4.28) 
5a(P)=D 2 £n(1—Kkn7 sinxn) (2 sinxn)~? 

X [6n2(Q) +¢22(R) —2627(P)], (4.29) 


where Q and R are the two neighbors of P. 
For an end atom, Eq. (4.28), (4.29) has to be replaced by 


(4.30) 


5a(P) =59a(P)+6.a(P), 
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where 5oa(P) is again the expression in Eqs. (4.28), (4.29), and 
'zot+4D 


b.a(P)=Z gn ks 


%o being the free end point of the free-electron path, where the 
wave function vanishes. One finds 


dxa,2 cos?(knx+6n), (4.31) 


6.a (P) = D >» Zn (1 —K, sink,)+a?, (4.32) 
or, by virtue of Eq. (A.8), 
6.a(P)=DZ gn(1—k,7! sink,) (2 sinkn)bn2(P).  (4.32') 


In Eq. (4.30) we now substitute Eq. (4.29) [for d9a(P)] and 
Eq. (4.32’), whence 


6a(P)=D gy(1—x, sink,) (2 sinkn) *[,2(Q) —¢.2(P)] (4.33) 


for end atoms, Q being the neighbor of P. 
The population of a joint atom is given by 


a’ (P)=Z g, Z f 
z. 


n B=1 * JB 


zy BtsD 


dxpap,? cos*(knXpt+dpn), (4.34) 
where x,z is the coordinate of the joint P on branch B. After a 
few transformations several terms cancel by virtue of the joint 
conditions (I), Eq. (1.28), and the amplitudes can be eliminated 
by means of Eq. (A.10). Hence the form (4.15) is obtained with 


a(P)=3Da(P), (4.35) 
3 

ba(P)=D > gn(1—Kn sink, )[} LD }an,2—3¢.2(P)], (4.36) 
n B=1 


6a(P)=D 2 g,(1—x,! sink,) (2 sink,)~? 


(2 ¢.2(Qn) —3¢,2(P)], (4.37) 
B 
where (1, Qe, Q3 are the three neighbors of the joint P. 


Modified FE Model 
Bond Populations 


According to our earlier discussion and by virtue of Eq. (2.16’) 
the bond populations in the modified FE model may be written as 
b’(M) = (population of electron path between P and Q) 

+ (3Tp?—1) (population of false tail at P) 
+(37¢—1) (population of false tail at Q). 
In this equation the bond population formulas of the conventional 
FE model can directly be substituted. If Eqs. (4.25), (4.26) are 
used for the latter, and if the elements gp, of the normalized FE 


eigenvectors $, are introduced by means of Eq. (2.13), when 
Eq. (4.38) yields 


b(M)=2 g,,(1+cosk,)™ 


(4.38) 


<a (Tr pp2+ Tegan?) +3 ¢Pn ¢an, (4.39) 


5b(M) => gn (1—kn7 sinkn) (2 sin’xn)~! coskn 


x [TP yp.2+ Te’ ¢enr— (4¢pn¢en/3 COSKn) ]. (4.40) 


From the remarks following Eq. (2.15) it is clear that the expres- 
sions (4.39), (4.40), involving the eigenvector elements, are more 
convenient, in the modified FE model, than the expressions ob- 
tained by substituting Eqs. (4.21), (4.22) in Eq. (4.38). For 4 
“true tail’ Eqs. (4.39), (4.40) still hold, if Q is assumed to be the 
endpoint where ¢gn=0. 


Atom. Populations 


Consider first a true joint P. Here, Eqs. (4.35, 37) from the 
conventional FE model can be directly applied. Introduction of 
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the gpn’s by means of Eq. (4.6) and (2.13) yields 


a(P)=2 gnepn’, (4.41) 


a(P)=Z gn(1—Kn~ sinkn) (6 sin%n) “LZ gant—3egpr2], (4.42) 
n B 


where Q:, Qe, Q3 are the three neighbors of P, and gz, refers to 
the atom Qz. 

In the case of a false joint P, one has to observe that the entire 
false tail contributes to the population so that 


6a(P) =5oa(P)+6,a(P), (4.43) 


where 59a(P) is again the expression in Eq. (4.42) and 6,a(P) is 
the term of Eq. (4.32’). Let Pi=Q, P2=R be the two neighbors 
of P; then, Eq. (4.43) yields 


$a(P) = gn(1—Kn sinkn) (6 sin*k,)—[ gon?+ ori2—2ep,2] (4.44) 


for false joints. 
At a genuine end atom P, finally, two tails (the true and a 
false tail) contribute so that 


6a(P) =6oa(P)+26,a(P), (4.45) 


where 59a (P) and 6,a(P) are again given by Eqs. (4.42) and (4.32), 
respectively. Let Pi=Q be the neighbor of P; then Eq. (4.45) 
yields 

6a(P)=Z gn (1—Kx? sinkn) (6 sin’kn)“Lgen?—epr?] (4.46) 


for genuine end atoms. The expression of Eq. (4.41) is of course 
valid for all atoms. 


Conventional LCAO Model 
Atom Populations 


The definitions (4.1), (4.2), (4.10), in conjunction with the 
expression (1.32) for the MO’s, yield for the LCAO population at 
an atom P the result 


3 ?) = > d S n a > n n xp 
{(P)=Z ga(1+-Smy)* EE conce, Sree WV x0Xe (4.47) 


where Q and R are summed over all atoms. 

Consider first the case of a nonjoint atom whose integration 
volume V(P) is given in Fig. 5a. The integrations in (4.47) can 
be carried out if one employs the relations (4.9) and moreover 
introduces the integral 


Su f. dV xe, (4.48) 


where rp is the volume of integration indicated in Fig. 6. The 
result is 


q(P)=2 gn(1+Sm, “Lepn2+S(co, ne+CRn?— 2CPr?) 


+Scpn (Can+crn) J, (4.49) 


where Q and R are the two neighbors of P. Now it is easily seen 
from*Fig. 6 that 2S is smaller than the overlap integral S, but of 
the same order of magnitude :” 


$=40S with 


6S1; 


(4.50) 





Fic. 6. Integration volume for Eqs. (4.48) and (4.69). 


—— 
"Tt is assumed that xp decreases monotonicly to zero while 
— the limiting surface in a plane parallel to the nodal 
ne, 
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and, furthermore, Eq. (1.26) yields 
Con t+CRn=MnrlPn. (4.51) 


By substituting Eqs. (4.50) and (4.51) in Eq. (4.49), we may 
therefore write g’(P) in the form (4.17) with 


q(P) =2 En€Pr’, (4.52) 


6q (P) = 40 2 2n (S- + m n) Leen? +ern? = 2cpr?]. (4.53) 


If P is an end atom, then the integration volume V (P) is given 
by Fig. 5c. It is easily seen that in this case one finds 


q(P) ” 2 EnPr’, (4.54) 
5q(P) = 40 Z gn(S+-mn)“[cqn?—crn?], (4.55) 


where Q is the only neighbor of P. 
Finally, if P is a joint atom, the volume of integration V (P) is 
the one shown in Fig. 5b. In analogy to Eq. (4.49) we now obtain 


3 
q (P)=z gu(1+Smn) “Lop +8( 2 CBr? — 3¢Pn?) 
n =1 


3 
+Scpn 2 cen}; (4.56) 
B=1 


and Eq. (4.51) is replaced by 


3 


~~ 
—_ CBn= MrnCPn; 
B=1 


(4.57) 


where cz, refers to the atom Qz; Q1, Q2, Qs being the three neigh- 
bors of P. Hence, 


q(P) =2 EnCPr?, (4.58) 


3 
5q(P) =}302 gn (St+m)" 2 Cant —3cpn? |. (4.59) 
n =} 


Bond Populations 


In analogy to Eq. (4.47), a bond with the midpoint M has the 
population [see the definition (4.11) ] 


1H (M)=E gn(1+Sma) 4 EE craton fey WVx0xe, (4.60) 


where P and Q are summed over all atoms. Figures 5d, e, g, h show 
the volume of integration V(\/) for the cases that none, one or 
both of the bond atoms are joints. By virtue of the Eqs. (4.9), the 
result can, in all three cases, be written as 


7’ (M) => gn(l +5Sm,)74 (Tpcp2+ TQcQn?) +2Scpnten], (4.61 ) 


where 7p and 7Q are defined in (1.36). For an end tail, one 
has the volume V(M) given by Fig. 5f, which leads to the popu- 
lation 


r'(M)=Z gn(1t+Sm,)“4ep,2. (4.62) 


Hence Eq. (4.61) still applies if one puts cg,=0 in it. 

Let us indicate the dependence of r’(/) on S by writing r(/,S). 
Actually r’(M,S) does not depend very strongly upon S, as may 
be seen by investigating the difference 
r’ (M,S) —1r' (M,So) 

=Z galLmn(So—S)/(1+Somn)(1+Smn) ] 


X4(T Pcp .t+ T QCQn?) a (2¢pnéQn/mn) j. (4.63) 


We shall show later that this expression as well as the remarkably 
similar expression for 6b(M) in Eq. (4.40) is small compared to 
the bond population itself. 
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In view of the intended comparison with the modified FE 
model," we define the quantity r(M/) of Eq. (4.18) as 


r(M)=r'(M, S=}), (4.64) 


i.e., 
r(M) =2 2n(1 + tm) “(4 (T pcp,2+ T@cQ12) + 3cpncen]; (4.65) 


and accordingly 


br (M) =6r(M,S) =r'(M,S)—r’(M, S=}4), (4.66) 
i.€., 
6r(M,S) = Z gn[$m,(4—S)/(1+4m,)(1+Sm,)] 
X OT Pcp.2+T eqn? (4eprcan/mn)), (4.67) 
so that" 
r'(M,S)=r(M)-+6r(M,S). (4.68) 


The formulas (4.65), (4.67) apply also to tailes if one puts cg, =0 
in them [see Eq. (4.62) ]. 


Modified LCAO Model 


The construction of the populations in the modified LCAO 
model follows the same pattern as the derivations in Eqs. (4.47) 
(4.68). There are only three basic changes which have to be made: 

(1) The factors (1+.Sm,)~ in Eqs. (4.47) and (4.60) have to 
be replaced by the expressions (1+.S/,)~', where the /,’s are the 
eigenvalues of the matrix F [see Eq. (1.42) ]; 

(2) The integration over two neighbor orbitals, xpxe@, vields 
now TpT QS instead of S [see Eq. (4.9) ]; 

(3) For the integral of Eq. (4.48) one obtains no longer the 
estimate of Eq. (4.50) in all cases, but in view of the discussion 
of the joint orbitals given after Eq. (4.9), one has now [see also 
Fig. 6] 


J, ,dVxr®=Sr= YT PS, 6<1. (4.69) 


These changes have then to be carried through for all derivations. 


Atom Populations 


Instead of Eq. (4.49), we now find 


q' (P)=Z gn.AA+S/f,)"[Lep.2+ (Sece.2+S8rer.2— 28 pep,?) 
n 


+ST pep. (Tecart+T rern)} (4.70) 


for the atom population of a nonjoint atom. At the same time, 
Eq. (4.51) is replaced by 

T pT can tT rT rera=SfilPn, (4.71) 
which follows from Eq. (1.42). Substitution of Eqs. (4.69) and 
(4.71) in Eq. (4.70) yields 


q(P) = gnepr’, (4.72) 
5q(P) =40 > gn(S+ fa) [T etcont+T ce 2cp.2). (4.73) 


n 
For end atoms and joint atoms, the derivation proceeds an- 
alogously. For g(P) one obtains again Eq. (4.72), whereas 6g(P) is 
found to be 


5q(P) =40 D gn(S7+f,) C2 Tw’ep.2—2cp,2 ] (4.74) 
n B 
for joint atoms, and 
5q(P) =40 > gn(S +S.) “LT cen? —cr.? ] (4.75) 


for tails. 

From the point of view of the LCAO model alone, the de- 
composition (4.68) is rather a complication than a simplification, 
since Eq. (4.64,65) is only a special ease of Eq. (4.61). The same 
is true for the decomposition (4.82) based upon the definition 
(4.78,79). 


KLAUS RUEDENBERG 











Bond Populations 


The bond populations of the modified LCAO model are con- 
structed by the same method which was employed in Eqs. (4.60-68) 
for the conventional LCAO model. Introducing the changes 
mentioned in the beginning of this subsection, we therefore ob- 
tain [see (4.61), (4.62) ] 


(MS) = en (A+ fa CET Popn2+T oon?) 


+2ST pT geprcen], (4.76 


which applies for all types of bonds (put cg,=90 in end bonds). 
Hence [see (4.63) ] 
r’ (MS) —r’ (M,So) 
=D gnlfn(So—S)/(1+5fn) 1+Sofn) J 
x [3 ( T p?cp?t+ T Q’cQn?) me (2T pT g¢pnean/ fn) J. (4.77 
In view of the intended comparison with the conventional FE 
model,!! we now define the quantity r(M/) of Eq. (4.18) as [note 
the difference from the definition (4.64) !): 
r(M)=r'(M, S=}), 4.78 


r(M)=Zg,(1+$hn) C3 (Teer +T een?) +T pT ecrncan], (4.79 
n 

r(M)=Z gi(2+ fu) "(1 repr t+T ecqn)?. 4,79! 
n 


Accordingly, we put 
6r (M) =6r(M,S) =r’ (M,S)—r' (VM, S=3), 4.80 
6r(M,S) => ¢,.[3f/2.(4—S)/(1+3f,) A+S/,) J 


X(T Pep,?+ TQ?eQu2— (AT pT acpntan/ f, yj, (4.81 


so that we have!! 


r’(M,S) =r(.M)+6r(.V7,S) (4.82 


in accordance with Eq. (4.18). For tails one has to put cg, =9, if 
P is the last atom. 


Similarity between FE and LCAO Model 


Table IV collects all population results in a systematic 
arrangement. Since the relations (2.5), (2.13) exist 
between the conventional LCAO model and the modi- 
fied FE model, populations in both models are expressed 
in terms of the quantities cp,; similarly in view of the 
relations (2.4), (2.5) populations in the conventional 
FE model and in the modified LCAO model are ex- 
pressed in terms of the quantities ¢,(P). The following 
conclusions can now be established : 

(1) For a given variant the approximate (atom oF 
bond) populations are identical in the FE and LCA0 
models. 

(2) The correction terms in the two models are of the 
same order of magnitude and have the same sign. 

(3) The correction terms vanish on the average: 


¥ 5 popV(P)=d 6 popV(M)=0. — (4.83) 
P M 


(The summation extends over all atoms or bonds o 
a molecule, respectively.) 

(4) The correction terms are small compared with 
the approximate populations: 


5 popV<popV. (4.84) 
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TABLE IV. Formulas for atom and bond papeeeiane. 


































F variant M variant 
Conventional FE model "Modified F E model 
a(P) p?D ~ Lnbr2(P = Usner ae > £nCP a 
n 






ba(J)* 






D - = on°(On 3.2 )] 
D: Ln [on2(Q)+0.2(R)— 26,2(P)] 
D ~ @..*[¢12(Q)—n2(E)] 
QF = 


Zz Qa n “(Zz CBr2— 36 sn? | 
n B 

p> Qi™ (on? +Cri?— 2cpr? | 
n 


> Qi" [con?—Cern?] 
n 








6a(P)* 











6a(E)* 












coeff. 1¢,(1—xky~! sinkn) sin x, 





Qi =hen(1—Kn sink,) sin *k,, 








{> > gn(1 +cosx, ) 130 bn?2(P)+6127(Q) ]+6n(P)on(Q)} 






b(M)> Ye. ; > = §n(1+c08Kn)- A(T Pcp2r+T can?) + 3Cpnten | 
| =D gn(1+cosk,) 4[bn(P)+6n(Q) 
ab(M) “DB. {o.2(P)+6n2(Q)—[4bn(P)bn(Q)/Fr J} Y Ba (T Pepn?+T ocon?— (4¢pncon/mn)] 





coeff. @nF = 4; gn(1—s —Ky' sink,) sink, COSK Br =3¢n(1—K«n7 sink) sin kp COSK 











~ Modified LC AO model c ony entionz al LCAO model 

























q(P) _ Tp*D “ Y £ndr?(P)== 2 gnc Pn? ‘ a a ~ LCP rn” 
ég(J)* aD = Qu 1B on?(Qp)— 3¢,7(J)] 629, “LS Cart—3c7,7) 
5q(P)* 6D = = Qn* Lon?(Q)+ox2(R)— 26n°(P) ] 6 Z Qn [con?+CRn?— cpr? ] 
5q(E)* aD S 9," [on?(Q)—on?(E)] 0 = Qu™ [con?— Cen] 

coeff. 9, =42,(S3+yn)7 9, =e, (Ss 14om,)7} 








ae 8n(1+coskn)*{3[on?(P) +n?(Q)]+on(P)o,(Q)} 

r(M) ~ gn(1+coskn) [4 (T pep? +7 een?) + Ferpnten] 
2 gn(1+cosen) “13 $[¢n(P)+¢,(Q)? n 

6r(M) D ~ R aP (6,2(P)+6,2(0)- [4on (Pdr (Q)/fn J} ~ Ry MUT p®cp,2+ Toe Con? — (4cpn€Qn/mn) ] 

coeff. KR, F=}¢ nfulS- ey Vn +2)(fnt+S t) Gin = 4gnmin(S™ )/ (my, +3)(m, +5S- 1) 















Auxiliary CP,x= mn aelte —1g,(P) CPn= op with D)4$,.(P) 





Relations f= 2 COSKy 










My = 3 COBK, 


- 
- 



















‘J =joint atom, P =nonjoint or false-joint atom, E =end atom. 


> In the table the bond populations are expressed in terms of quantities referring to the adjoining atoms. For formulations in terms of quantities referring 
to bond midpoints in the conventional FE model (F variant), see Eqs. (4.21), (4.22). 





Conclusion (1) is evident. In order to evince Conclu- _ the second from Eqs. (4.4), (4.64), (4.78). Hence the ap- 
sion (2), we note that the correction terms differ only proximate populations satisfy the same conservation con- 
in the coefficients @, 9, ®, ®. Comparative graphs of ditions as the exact populations, viz. Eq. (4.4), and Eq. 
corresponding coefficients as functions of x are given (4.83) follows. 














in Fig. 7 for the region covered by the x,’s in the ground Conclusion (4) is obtained by estimating the correc- 
state. The LCAO coefficients 9 and ® are given for three tion terms. Numerical calculations!? indicate that the 
values of the overlap integral SS. average of the eigenvalues x, lies near 3m for any 


Concerning Conclusion (3) we note that the approxi- molecule. Replacing all coefficients Q, 9, ®, R by the 
mate populations a(P) and b(M) are identical with values which they assume for x=*= }z, one finds the 
those defined in (I), Eq. (2.69), (2.69’) and that the following estimates: 
relations M variant: 


2% (P= 2, UM)=N (4-85) 5a() ~5q(E) ~0.1{9(0)—9(E)}, 


were shown in (I), Eq. (2.71). The approximate popu- 5a(P) ~6q(P) ~0.2{4[¢(Q0)+q(R) ]—q(P)}, (4.87) 


lations g(P) are identical with the qp’s defined in (1.33), R 
and one has ba(J) ~dq(J) ~0.3{3 X qQn)—q())}, 
> VP)=>d r(M)=N. (4.86) 
P M _6b(M) = 6r(M) ~0.2{7(M)—s(M)}, (4.87’) 


The first of these equations follows from Eq. (1.11), 12 See N. S. Ham and K. Ruedenberg (to be published). 
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Fic. 7. Coefficients of Table TV as functions of x. 


L1 @F IL1 @™ 
12 (S=1/12), 11.2 (S=1/8), 
13 e| (S=2/15), iis} end (1/3) 
raf | (s=1/4), 114 (S=1/4), 
IIL.1 @” IV.1 @™ 
11.2) (Sau) v3} {sre 
111.3 \@F2 (S=2/15), IV.3 }@™4 (S=1/5), 
m4/ | (s=1/4), Iv4 (S=1/4). 
with 
7(M)=3(T P’q(P)+Teq(Q)], (4.88) 
s(M)=)D. gn(2cpncen/mn). (4.89) 


F variant: 

ba(E) ~6q(E) ~0.1{9q(Q)—9(£)}, 

ba(P) ~5q(P) ~0.2{3[ To°q(Q) 
+Tx’g(R)]—9(P)},{ 490) 

ba(J)~6q(J) ~0.2{3 x T x’q(Qz)—q(J)}, 


+ 





5b(M) ~dr(M) ~0.2{7(M)—s(M)}, (4.90’) 
where now 
#(M)=3(T P’'q(P)+To’q(Q)], (4.91) 
s(M)=T pT X En(2cPncan/fn). (4.92) 


(E denotes an end atom, P denotes a nonjoint atom, J 
denotes a joint atom.) The quantities defined in Eqs. 
(4.88), (4.89), (4.91), (4.92) satisfy the conservation 
relation (4.4): 


x #(M)=¥ s(M)EN. (4.93) 
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The first of these equations follows from Eq. (4.86); 
the second follows from Eqs. (1.26), (1.42), which 
yield for the M and F variant, respectively : 


2  » CPnCgn=Cn*Mec,= Mn, (4.93) 
M 


2  s T pT 96 pnCgn=Cn* Fen= fn. (4.94) 
M 


By arguments analogous to those advanced in con- 
nection with Eqs. (4.12, (4.13) one concludes that the 
quantities occurring in Eqs. (4.86), (4.93) are in general 
all of the same order of magnitude as the exact popula- 
tions, and hence the inequality (4.84) results from 
Eqs. (4.87), (4.87’), (4.90), (4.90”). Other estimates are 
possible. 

The population definitions are also applicable to 
excited states. It is likely that the similarities found for 
the ground state still exist for the lower excited states. 


Similarity between M and F Variant 


In alternant hydrocarbons one has the well-known 
result 


a(P)=q(P)=1 (4.94) 


for all approximate atom populations in both variants. 

The quantities *#(M) defined in Eqs. (4.88), (4.91), 

which represent approximations to the approximate 

bond populations, therefore assume in both variants 
the values 

(2/3) for JJ bonds, 

ran=|(6/6 for JN bonds, 

1 for NN bonds, 


(4.95) 


ie., the populations group the bonds into the three 
classes : JJ = joint-joint, JV = joint-nonjoint, VV = non- 
joint-nonjoint. Since Eqs. (4.94), (4.95) hold for both 
variants, their respective electron distributions cannot 
be too different in alternant hydrocarbons. The wire 
models of the two variants as well as the arguments 
which introduced the modified LCAO model [see text 
before Eq. (1.35) ] indicate that the F variant will tend 
to stress the variation between densely and sparsely 
populated bonds more than the M variant. This 1s 
found to be true, but the differences between the two 
variants are only slight.” 


Relation to the Quantities g and p 


The present investigation has revealed the precise 
meaning of the quantities g of Eq. (1.33) in terms of 
observable physical quantities: they are approximate 
atom populations. Since they involve an integration 
over the electron density, the name “electron densities,” 
sometimes employed for them, is dimensionally it- 
correct.’ 

An analogous correlation between bond populations 
and the bond orders ppg defined in Eq. (1.34) has not 
come to light in the previous discussions. Since the 
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bond orders (1.34) do not even satisfy the population 
conservation relations (4.4), the question arises whether 
such a correlation exists at all. This problem will be 
considered in a separate investigation.” In this connec- 
tion it is of interest that the quantities s(M) defined 
in Eqs. (4.89), (4.92) while bearing a great similarity 
to the bond orders ppg do satisfy the conservation 
relation (4.93). 


CONCLUSION 


The present investigation establishes the equivalence 
between the FE MO model and the LCAO MO model 
(=tight binding approximation of the LCAO MO 
theory with neglect of electronic interaction operators) 
in the case that the LCAO MO’s contain only one AO 
per atom. It has to be concluded that the simultaneous 
neglect of all non-neighbor interactions simplifies the 
LCAO theory (containing only one AO per atom) to 
the extent that it reflects the same broad outlines of the 
molecule as the FE model. It is futile to argue whether 
the success of the FE model is due to its resemblance 
to the LCAO model, or whether the inverse is correct. 
Since the simplifications introduced in the LCAO 
theory are no less drastic than the assumptions of the 
FE theory, neither can be taken litterally. Both are 
models based on the same essential idea: While being 
three-dimensional, they are trimmed to neglect “trans- 
verse excitations” of the electron cloud and to describe 
only “longitudinal excitations” along the geometric 
bond path. To achieve this purpose, they moreover 
employ very similar mathematical tools, and conse- 
quently their results agree closely. In view of the iden- 
tity in basic concept and the near-identity in mathe- 
matical formulation, it is a matter of taste which 
picture is given preference." Although the equivalence 
has been demonstrated only for the case that analogous 
LCAO integrals have identical values (corresponding to 
a constant FE potential), it can be expected to hold 
equally well if different values are used for the integrals 
of different bonds and atoms, an assumption which 
corresponds to a varying FE potential. The influence of 
such a potential, required for heteroatoms, and of 
electronic interaction will be studied in subsequent 
papers. 


APPENDIX" 
Energy of an FE MO 


The derivations in (I), Sec. 2, are based on the 
assumption that the potential in which the electrons 
move is infinitely high everywhere except within a 
thin tube of diameter €, and that it is zero inside this tube. 


* Tt should be noted that it is adequate to base the discussion on 
the “finite difference approximation” of the FE model [see Ap- 
pendix, after Eq. (A.7)]. The inclusion of overlap in the LCAO 
model is therefore essential for the comparison. 

‘ The appendix contains some developments which supplement 
the first article of this series (See reference 1a) and which, in part 
are used in the present paper. 
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Let us generalize this assumption by adopting the 
potential 


V (x,y,2) = 00 outside the tube, 
inside the tube. 
Then the wave functions are [see (I), Eq. (1.17) ] 
®,,(x,y,2) =n(x) (2/e) sin(ay/e) sin(2xz/e)+O(e), (A.2) 


where 


A.l 
V (x,y,2) = E*= const ate 


lim O(e)=0 for 


and the energy levels are given by [see (I), Eqs. (1.4), 
(1.5) ] 


e—0, 


E,=E,"*+E"+E'+0'(¢), (A.3) 


where we have used the symbol £,!'°"* to denote the 


energy of the longitudinal part of the wave function 
(A.2): 


E08 = Epx,’, (A.4) 


which was called? £,, in (I) [see (I), Eqs. (1.14’), (1.62) ]. 
The term £" is the ground-state energy of the trans- 
versal part of the wave function (A.2); since the trans- 
versal excitation energies become infinite for e—0, 
they are large compared to the longitudinal excitations, 
and hence E£* is considered to be a constant. The term 
O’(e) finally is again a function which vanishes for e—0. 


Simpson’s Approximation 
(Finite Difference Method) 


For small values of x the expansion [see (I), Eqs. 
(2.14’), (2.62) ] 


cosk=1—3x?+----=1—3(E"/Ep)+--- (A.5) 


can be broken off after the quadratic term. The relation 
(I), (2.44), thereby becomes 


¢(Ps)+¢(P_)=[2—(E'"*/Ep) ]o(Po), 


where P_, Po, P;, are three consecutive atoms. Equa- 
tion (A.6) is identical with the equation obtained by 
W. T. Simpson!® who considered the atoms on a bond 
path as a lattice for numerical differentiation in formu- 
lating the Schrédinger equation: 


(—#?/2m)o(P+)—26(Po)+4(P_) ]/D* 
= E'8g(Po) (A.7) 


[see Eq. (2.62) of (I)]. This lattice is indeed satis- 
factory for numerical approximation of the trigonomet- 
ric function if \,>>27D, i.e., «<1. The eigenvalues of 
physical interest (viz., the highest filled and the lowest 
unfilled levels) do not fulfill this condition however, and 
any conclusion conceiving the FE model based on the 
approximation alone is therefore inconclusive. 


(A.6) 


146 W. T. Simpson, J. Chem. Phys. 17, 1218 (1949). See also: 
C. A. Coulson, Proc. Phys. Soc. 66, 652 (1953). 


Amplitudes of an FE MO 


The following identities express the amplitudes of a FE wave 
functions in terms of its values at atoms and bond midpoints. 
They are similar to those given in (I), Eq. (2.21)—(2.30). 

Between the amplitude ag on branch B and the values ¢z(P), 
s(Q), which the wave function 


(x)= az cos(kxp+é6p) 
B 


assumes at the neighboring atoms P, Q, on branch B, one has 
ap’ sin*x=¢2"(P)+o2"(Q) —2 coskpa(P)oa(Q). — (A.8) 
It is obtained by squaring the identity 
¢a(Q) —cosxpa(P) = —sinxLa?—os?(P) }}, 
which follows immediately from (I), Eq. (2.18), by putting 
«a= P, xpt+t=Q, =D. 

Furthermore, consider three consecutive atoms P_, Po, P+, on 
branch B, and add the two corresponding equations of the type 
(A.8). The result can be transformed by means of (I), Eq. (2.44), 
whence 

2ag* sin*x = 7 (P,)+o8?(P_)+2(1—2 cos*x)pz (Po). 
Similarly, fora joint atom Py anditsthreeneighbors Qz (B=1,2,3), 
one obtains, by adding the three relations of the type (A.8) and 
subsequently applying (I), Eq. (2.46): 


(A.9) 


3 3 
sin 2 az*= Z ps*(Qz)+3(1—2 cos)¢*(Py). (A.10) 
B-1 B=1 
Let M be the bond midpoint between the neighbors P and Q. 
The relation 


o2(P)+¢2(Q) = (2 cos}x)oa(M) (A.11) 
can be derived in the same way as Eq. (2.44) of (I) was obtained’ 
Squaring Eq. (A.11) yields 


2(1+-cosx)ps?(M) =$27(P)+87(Q)+2¢8(P)oe(Q), (A.12) 
and elimination between Eqs. (A.8) and (A.12) furnishes 
ag? sin’«(1+cosx)'= on? (P)+27(Q) —2 cosxdz?(M), (A.13) 
and 
ap? sin®« (1+-cosx)! = 2647(M)—2¢2(P)on(Q). (A.14) 


If the amplitudes ag are obtained by one of the previous relations, 
then the phases 5g are given by 

dz=arccoslap'oa(P) J—kxp. (A.15) 
Equation (A.15) depends on the choice of the origin of xz; the 
relations (A.8), (A.9), (A.10), (A.13), (A.14) are independent 
of it. 


Alternant System with an Odd Number of Atoms 


From the derivations in (I), Eqs. (2.72)—(2.98’) it 
follows that the FE model furnishes the same charac- 
teristics for odd-numbered alternant systems as the 
LCAO model. The atoms are divided into the starred 
and the unstarred class, the former being the majority 
class with }(V+1) atoms, the latter being the minority 
class with }(V—1) atoms. At least one “zero-energy 
orbital” exists; it has x= 42, i.e., \=4D, and its wave 
function vanishes for the atoms of the minority class. 
A general analysis of these systems has been given by 
H. C. Longuet-Higgins.'® 


Wire Plot of the Electron Distribution 


In his wire plot of the total electron density w(x), 
Platt has replaced the analytical joint conditions (I), 





er. LL. Longuet-Higgins, J. Chem. Phys. 18, 265 (1950). 
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Eq. (1.33), by a geometrical joint condition.!* The 
equivalence of both formulations is a peculiar property 
of those joints which occur in organic molecules. At any 
joint Eq. (1.27) of (I) yields 









¥ (deop/dxy)=0. (A.16) 
B=! 





Let 





Vp= {X,Y 2,Z3}, 






be the vector tangential to wg(xg) at the joint (the 
coordinate system X, Y, Z has its origin in the joint, 
the X—Y plane being parallel to the molecular plane, 
the Z axis being perpendicular to it; the density w is 
plotted as Z-coordinate). Equation (A.16) may be 
written as 
















3 
 & Z pC p=0 


B=1 


(A.17) 






with 





Ce=(XRP4+ V2? <, 







Now, since the projections of v;, V2, V3, on the X-l 
plane form angles of 120° with each other, the equations 








> XeCe= > VeCrn=0 
B=! 


B=1 






hold, whence 






, m CeVe= {0,0, sn ZC p}. 
B B 






It follows that Eq. (A.17), and hence Eq. (A.16), is 
equivalent to 









> Cave=0. (A.19) 


B=1 






In the case of three branches in one plane meeting al 
120°, the joint condition (A.16) is therefore equivalent 
to the condition that the tangential vectors vi, V2, ¥s, 
are linearly dependent, i.e. that they lie in one plane. 
Hence at all atoms the wire model gives the correct 
values for w(x) and the correct behavior for (dw/d:). 
It can therefore be expected that w(x) is reasonably 
well approximated between the atoms. (The unit of 
density is D~.) it should be noted that the analytical 
joint condition (I), Eq. (1.33), is valid for any number 
of branches meeting at arbitrary angles in_ three- 
dimensional space. 

The wire plot can be generalized to nonalternat! 
systems. In this case, the values of the atomic popult 
tions are not known beforehand. But when the FE 
problem has been solved mathematically and when the 
atom populations are calculated for a particular mole: 
cule, then its wire plot can be constructed, if one has 
dowels available whose height can be easily and pre 
cisely adjusted to the theoretical values of w(x). The 
model may also be applicable to individual orbitals. 
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Electron Impact Studies of Some Aromatic Hydrocarbons. Implications Regarding 
Certain Aromatic Reactions 
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The ionization potential of several alkyl-substituted aromatics have been measured by an electron impact 
method, and the results are found to agree with values predicted by equivalent orbital calculations. The 
appearance potential of several alkyl-substituted benzyl ions have been measured, and the results show 
that the energies of these ions are independent of ring substitution. The appearance potential of several 
alkyl-substituted phenyl ions were measured, and the results appear to be anomalous. The results can be 
understood if it is assumed that the ions rearrange during decomposition to the isomeric benzyl ions. The 
implications of these results in terms of several chemical reactions are discussed. The heat of formation of 
the phenyl and ethyl phenyl radicals were found to be approximately 66 and 49 kcal/mole, respectively. 





HE literature contains extensive studies of the 
energies of ions from paraffinic and olefinic 
hydrocarbons and from a few other classes of com- 
pounds, but surprisingly little information is available 
on the energies of ions from aromatics. To date, one 
study of the energies of ions from benzene! and a few 
measurements of ionization potentials? have been made. 
Since aromatics are an interesting and important class 
of compounds, and a large number of their reactions 
seem to occur through ionic intermediates, it is pertinent 
to determine the energies of characteristic aromatic 
ions. The present investigation was undertaken with 
this end in view and consists of the measurement of the 
ionization and appearance potentials of a number of 
such ions by electron impact. In particular, the ioniza- 
tion potentials of several aromatic hydrocarbons and the 
appearance potentials of certain benzyl and pheny! 
ions have been measured. In addition the implications 
of the resulting energies for certain chemical reactions 
are discussed. The compounds studied and the results 
obtained are listed in Table I. 


IONIZATION POTENTIALS OF ALKYL AROMATICS 


In a previous study Franklin’ applied the group 
orbital method of Hall‘ to the calculation of the ioniza- 
tion potentials of alkyl aromatics. The calculations 
agreed well with the limited number of measured values 
available. Several additional ionization potentials were 
determined in the present investigation, and in Table II 
these measured values are compared with the calculated 
ionization potentials. Here also the calculated and 
measured values of ionization potentials agree within 
0.1 volt, which is undoubtedly within the limits of 
experimental error. The agreement re-enforces our con- 
clusion that the method of calculation is sound. In 
these calculations, following Franklin,* the potential 


parameters employed are the ionization potential of 
ee 

‘ Hustrulid, Kusch, and Tate, Phys. Rev. 54, 1037 (1938). 

* See especially J. D. Morrison and A. J. C. Nicholson, J. Chem. 
Phys, 20, 1021 (1952). 

*J. L. Franklin, J. Chem. Phys. (to be published). 

‘G. G. Hall, Trans. Faraday Soc. 49, 113 (1953). 


benzene (9.52 ev) and the adjusted ionization potential 
of methane (13.31 ev). Alkyl-alky] interactions (1.55 ev) 
were calculated from the ionization potentials in the 
paraffin series and alkyl-ring interactions (1.09 ev) from 
the ionization potential of toluene (9.23 ev). 

It will be observed from Table IT that the ionization 
potential drops fairly rapidly as additional groups are 
substituted around the benzene nucleus. Additional 
length of the substituent chain, however, has a rela- 
tively minor effect. Of particular interest is the fact 
that orientation plays but a small part in the ionization 
potential of a given group of isomers. If one is optimistic, 
one might conclude tentatively that mefa-orientation 
tends to give slightly higher ionization potentials than 


does ortho- or para-orientation. The difference however, 


is small and probably represents about the limit of 
accuracy of the work. We are inclined to think that the 
difference may be real; but this, of course, may repre- 
sent a slight bias based upon the experience of organic 
chemists. 


BENZYL IONS 


The energies of benzyl-type ions are of interest for 
several reasons. From the standpoint of the mechanisms 
of chemical reactions, the benzy] halides are thought to 
undergo Sy; solvolysis, for which the heterolytic 
cleavage of the C—X bond is rate determining; i.e., the 
rate should be dependent upon the energy of the benzy] 
ion. From the standpoint of molecular theory, the 
energies of benzyl type ions are theoretically subject to 
the effects of resonance involving the ring m electrons 
and hyperconjugation with ring substituents. 

Hughes, Ingold, and Taher’ have determined the 
rates of the unimolecular solvolysis of alkyl substituted 
benzhydryl halides (R— —CH ¢@—Cl) in 80 
percent aqueous acetone. They find the rates to be 
strongly affected by substitution, i.e., activation ener- 
gies of 21.0, 18.9, 19.4, 19.8, and 20.05 kcal/mole for 
R=H, CH3, CoHs, i-C3H7z, and t-C4Hy», respectively. 
These energy differences are attributed to differing 


5 Hughes, Ingold, and Taher, J. Chem. Soc. 1940, 950. 
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amounts of hyperconjugation stabilization in the car- 
bonium ions formed in the course of the solvolysis. The 
energy differences actually observed by them (ca 2 
kcal/mole) are too small to be detected in our measure- 
ments, but it must be remembered that their measure- 
ments are in solution, and it might be expected that 
any changes in the inherent energy of the ions en- 
gendered by changes of substituents would be magni- 
fied in the gas phase. For example, the difference in the 
activation energies for the SN; hydrolyses of i-C3;H;Cl 
and ¢-C4H,Cl is 4 kcal/mole,*® but the difference in the 
gas phase appearance potentials of the i-C;H;*+ and 
C,4Hl-st ions from their chlorides is 14 kcal/mole.* The 
difference between the values of 14 kcal/mole and 4 
kcal/mole is doubtless due to different amounts of 
solvation of the i-C3;H;* and /-C,Hg* ions, and so with 
the benzyl ions we might reasonably hope to see a 
similar relation between the reported solution energies 
and gas phase energies. Consequently we have measured 
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the appearance potentials of several primary benzy! 
ions with various alkyl groups substituted on the 
benzene ring. In Table III, we compare the appearance 
potentials of these ions as formed by a common process; 
i.e., that of removing a methyl group from suitable 
parent molecules. Under these circumstances, the ap- 
pearance potentials will reflect unambiguously the 
presence in the ions of interactions between the sub- 
stituent group and the charge. 

The values given in Table III show very little, if any, 
influence of a substituent upon the energy of a benzyl 
ion. The values shown do indicate a small reduction in 
energy for para-methyl substitution and a small eleva- 
tion for meta-ethyl substitution, but we are inclined to 
doubt that these differences are significant. The aver- 
ages of the appearance potentials for the methyl- and 
ethyl-substituted isomers are 11.13 and 11.32 ev, 
respectively, and a comparison of these with the value 
of 11.21 ev for unsubstituted benzyl makes it clear that 











Number of 


measurements AHys (ion) (kcal/mole) 


AP, volts 











CeHe = C.He* 
CeHe a C,H;*+H 
C.H;CH; == CH3;*+ none 
C.H;CoH; a C.H;*+CoHs 
+C2H,+H 
+C:H;+H: 
— CeHet++CeHy 


—CH:*++CH; 


— CsH,*(styrene)+H:- 
— C.H;*+C.H;+H: 


«+ (4... 
1.2—C¢H,(CHs)2 — CsHi*(CHs)2 
oo 
— CH; 
sl +CH; 





1.3—CH, (CH): > CoH (CH): 


+ 


— +CH; 
— CH; 


1.4—C.H,(CHs)2 — CeH,*(CHs;)2 


a CH-< > + +CH; 


2 —CsH,(C:Hs)» and C.H,*(CeHs)2 
CH. 


7 \—C:H; 
, | +CH; 
\ 


we 





Y —CosH; 
| +C:H; 








9.52+0.10 3 240 
14.30.18 5 298 
15.6 1 ose 
16.3340.25 4 359 

320 

302 
11.4;-+0.15 4 257 
11.2;+0.15 4 234 
10.1s+0.35 3 242 
14.8+0.8 5 66 phenyl (radical) 
14.3+0.7 3 tee 

8.9;+0.10 4 211 
11.73+0.15 5 243 


9.02+0.15 4 212 


11.73+0.06 4 244 









8.80.05 3 209 
11.570.10 3 239 
8.9,;+0.15 3 201 
11.24+0.15 4 222 









224 


11.0;+0.07 3 









6 (a) A. G. Evans, Trans. Faraday Soc. 42, 719 (1946). (b) J. L."Franklin, Trans. Faraday Soc. 48, 443 (1952). 


































1.4—( 


1,2,3(( 
1,3,5(( 


the tre 
all pa: 

The 
terms 
the cl 
ciable 
means 
Either 
to the 
phase 
magni 
small - 
ions di 
be att 
amoun 

This 
in subs 
concer: 
volving 
cussed 
of whe 
ere 
lished), 


ELECTRON IMPACT STUDIES OF SOME AROMATIC HYDROCARBONS 1897 








benzy! TaBLe I.—Continued. 
n the — . " = 
Number of 
aTance AP, volts moneusemnents AHys (ion) (kcal/mole) 
rOcess; 
litable 1.3—CeHs(C2Hs)2 — CeHs*(C2Hs)2 8.99+0.07 4 202 
he ap- CH, 
ly the 
e sub- +CH; 11.4,-+0.20 
— CH; 
if any, * 
benzy! yp ) 
tion in +CoH; 11.0;+0.04 
\ J Cos 
eleva- 
a to 14—-CoHs(CoHs)2 > CoHe*(CoHs)2 8.95-+0.17 2 
> aver- cH _S-CH:+CH; 112,440.20 : 392 
yi- and 
32 ev, CHC D+ +CsH, 10,94-+0.10 21 
2 value . 
ar that — C2Hs; +CHC >: +H: 14.60.4 49 (ethyl phenyl radical) 


+ 
1,2,3(CH3)3Cs6Hs — 1,2,3(CH3)sCeHs 8.7;+0.02 200 
1,3,5(CH3)3C6H; = 1,3,5(CH3)3CeH; 8.79+0.25 199 


+ 


” +CH; 11.75-£0.10 236 
CH,’ 


ay 
——— H; 11.1,+0.10 
y —nC 3H; 


a 


CH pre HH, — CH: va Ne H.+CoH; 10.9;+0.10 


1.2 Cs5H4(tC3H7)2 = C3;H,*t+:- 13.9 
1.3 CsH4(tC3H7)2 </> C3H7*+ Fes 13.7 
1.4 CsH,(tC3H7)2 Bi C3;H;*+ alias 13.8 


\dical) 











the trend of the ionic energies in the gas phase do not at__ with the ring m electrons occurs in benzyl ions, and 
all parallel that in solution. while the question must be considered as remaining 
The solution phenomena are generally explained in open, it is true that the most straightforward interpre- 
terms of hyperconjugation of the alky] substituent with tation of the observed facts leads to the conclusion that 
the charge, and thus our failure to detect any appre- such conjugation does not occur (or at least that no 
ciable stabilization attributable to alkyl substitution stabilization energy is to be observed). Since this is the 
means that one of two conclusions must be drawn. case, it is not surprising that no effects of second-order 
Either we are incorrect in our expectations with regard conjugation can be found. 
to the enhancement of interaction energies in the gas We are of the opinion that our results with substi- 
phase as compared with those in solution, i.e., the tuted benzyl ions are of interest with regard to the 
magnitude of the hyperconjugation stabilization is too energies of aliphatic carbonium ions. It is well-known 
small for us to detect; or hyperconjugation in benzyl _ that the energies of these ions lie in the order Me>Et 
ions does not exist, and the solution phenomena must >i-Pr>/-Bu (heat of formation values of 265, 225, 
be attributed to some other effect such as differing 190, and 167 kcal/mole, respectively). A possible ex- 
amounts of solvation. planation for the large energy lowering effected by 
_ This problem of the existence of hyperconjugation progressive methyl substitution involves increasing 
in substituted benzyl ions is but part of a larger problem hyperconjugation in going from Me to /-Bu. Such 
concerning the existence of any kind of resonance in- hyperconjugation has been represented from the point 
Volving the charge in carbonium ions. We have dis- of yiew of the valence bond and molecular orbital 
cussed at considerable length elsewhere’ the question theories, In the former, for instance, three resonance 
of whether even first-order conjugation of the charge 
pelted Ht 


"J. L. Franklin and F. H. Field, J. Chem. Phys. (to be pub- ; 
lished), ree cadiieiniiaiie , structures such as CH»= CH, can be written for ethyl! 





















































1898 rE. &. 










TaBLe ITI. Ionization potentials (volts) of aromatic 
hydrocarbons. 











Meas. this 





Cale. res. Meas. others 
Benzene 9.52 9.52,8 9.43 
Toluene tee tee 0.23, 9.238 
o-xylene 8.98 8.97 
m-xylene 8.98 9.02 
p-xylene 8.98 8.88 
1,2 diethyl benzene 8.91 8.91 
1,3 diethyl benzene 8.91 8.99 
1,4 diethy! benzene 8.91 8.93 
1,2,3 trimethyl benzene 8.74 8.75 
1,3,5 trimethyl benzene 8.74 8.79 


& J. D. Morrison and A. J. C. Nicholson, J. Chem. Phys. 20, 1021 (1952). 
bR. E. Honig, J. Chem. Phys. 16, 105 (1948). 


Ht 
ion and nine such as CH»=C(CHs3)2 can be written 
for t-butyl ion ; hence /-buty] is less energetic than ethyl. 


Ht 
However, we think that structures such as CH,= CH, 
are of very high energy (AH;(H*) = 367 kcal/mole), and 
we find it hard to believe that such structures will 
interact strongly enough with the ground state structure 
to produce the 40 kcal/mole lowering observed in going 
from CH;+ to C.H;*. 

Be this as it may, if in truth hyperconjugation is the 
explanation for the aliphatic ion phenomena, we might 
expect a lowering in going from benzyl to methy! 
benzyl somewhat similar in size to that involved in 
going from methy] to ethyl. The greater distance in the 
alkyl benzyl ions separating the atom to which the 
charge is formally assigned from the interacting alky] 
group should be of no consequence if the interaction is 
completely the result of a resonance effect. The absence 
of the appreciable benzyl ion stabilization predicted on 
the basis of this argument in our opinion throws doubt 
on the role of hyperconjugation in the aliphatic ions. 
The very least to be said is that the benzyl ion and 
aliphatic ion results are not adequately correlated by 
the theory of hyperconjugation. 








PHENYL IONS 


Wheland*® showed from quantum-mechanical con- 
siderations that the charge on the various carbons in 
substituted benzenes differed with the nature of the 
substituent and its orientation. On the basis of his 
calculations he obtained good qualitative agreement 
with the chemical evidence from substitution reactions. 
We undertook to measure the appearance potentials of 
various substituted pheny] ions in the hope that in this 
way we might obtain a direct measure of the energy 
required to produce a charge at various points on a 
substituted benzene ring and thus to determine the 
effect of substitution and orientation on electron 
availability. In Table IV we compare the energy re- 
quired to form a phenyl! ion and various methyl- and 


8G. W. Wheland, J. Am. Chem. Soc. 64, 900 (1942). 
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ethyl-substituted ions by the common process of re- 
moving a methyl] group from the proper parent com- 
pound. It is of interest that the heat of formation of the 
phenyl ion obtained in this study (298 kcal/mole) 
agrees fairly well with the value of 305 kcal/mole 
obtained by Hustrulid, Kusch, and Tate! in their study 
of benzene. , 

Examination of the data in Table IV shows two 
rather surprising anomalies. First, the energies of the 
tolyl ions are much lower (about 55 kcal/mole) than 
those of phenyl ion. This in itself is not without its 
analogue in the aliphatic ion series (see discussion in 
the previous section), but by contrast with the aliphatic 
ion behavior, the substitution of a second methy] to 
form the xylyl ion does not result in any stabilization 
beyond that observed with the toly] ions. Second, single 
ethyl substitution results in an appreciably greater 
lowering than single methyl] substitution. A similar phe- 
nomenon is observed with the n-alkyl ions, but this 
further stabilization has been attributed by Steven- 
son’ and by Franklin and Field’ to rearrangement to 
the more stable secondary ion in the course of frag- 
mentation of the parent ion. 

In order to test more quantitatively whether the 
observed pheny] type ion phenomena are mutually seli- 
consistent, group orbital calculations of the energies of 
the various substituted phenyl ions were made. The 


TaBLe IIT. Appearance potentials and energies 
of benzyl ions. 


AHys (ion) 
AP (volts) (kcal/mole) 
— = il + 
€ _S-CHs > © Y-CHe+ CH 11.21 234 
___CH; CH; 
yy ~ > oe ay a 
a < ., +CH, 11.21 226 
CoH; fan 
Ga-f CA, - 
cu€__SCH.+CH. 11.058 222 






11.24 


11.44 226 
EN Dos “|, 
CH >CH:+CH 11.27 222 








* Calculated from Ap(CHiCsH.CH:) from the o and p—CH:CeHe 
(N —C3H7), respectively. The ortho-isomer was not available to us. 


TD. P. Stevenson, Trans. Faraday Soc. 49, 867 (1953). 
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ELECTRON IMPACT 
calculations show that indeed the phenomena are not 
consistent, for on the basis of the observed lowering in 
going from pheny] ion to tolyl ion, a further lowering of 
more than a volt should be observed in going to the 
xylyl ion, but no significant further lowering should be 
observed in going to the ethyl pheny] ion. 

Finally, it should be recalled that ring substitution 
effected no significant stabilization of the benzyl ions, 
and there does not appear to be a straightforward 
reason why methyl substitution should strongly sta- 
bilize phenyl! ion but benzyl ion not at all. 

These difficulties are removed if we postulate that 
except for the ion from benzene (AH;s= 298 kcal/mole), 
phenyl ions are not formed at all, but rather the ions 
rearrange to the benzyl structure. Specifically, the ob- 
served energy relationships are accounted for as follows. 
The CsH;* ion from benzene is, of course, a true pheny] 
ion, but the great energy-lowering attendent on methyl] 
substitution is the result of the actual formation of 
benzyl ions. In Table V the heats of formation of the 
ions in question are compared with the heats of forma- 
tion of the isomeric benzyl ions taken from Table III. 


TaBLE IV. Appearance potentials and energies of pheny] ions. 








AH; (ion) 
AP (volts) (kcal/mole) 


+CH; 13.80" 298 





€ _Scu: -< 9 


CH; Va 4 
+ | +CH; 
cH: \ Jcu; 


CH 


CH 


+CH, 
CoH; 


11.01» 221 








; Calculated from AP(CeHs*) from benzene. 
Calculated from AP(CeHs*+C2Hs) from the o-, m-, and p-, diethyl 
nzenes, respectively. 
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TABLE V. Comparison of the heats of formation of sub- 
stituted phenyl and benzy] ions. 





Observed 
Isomeric benzyl AHy, 
kcal/mole ion kcal/mole 


Observed 
Ion nominally AHys 
formed 


ce 








* J. L. Franklin and F. H. Field, J. Chem. Phys. (to be published). 


The average of the heats of formation of the three 
C;H7* ions is seen to be only about 6 kcal/mole greater 
than the benzy] ion heat of formation, and this difference 
is of the correct magnitude to be the activation energy 
for the rearrangement. Similarly, the CsHs* (nominally 
dimethyl phenyl) ion energy approaches that of the 
methyl benzyl, again with some activation energy 
required, and finally the CsHs* (nominally ethyl 
phenyl) energy approaches that of s-methyl benzyl, 
which is somewhat lower than that of the normal benzy! 
ions and thus accounts for the low nominal ethyl pheny] 
ion appearance potentials listed in Table IV. 

The following considerations are also pertinent. From 
a comparison of the heats of formation of the unsub- 
stituted benzyl and pheny! ions one might reasonably 
predict that the phenyl— benzyl rearrangement is 
strongly exothermic, and in the somewhat similar 
situation involving m-propyl and i-propyl ions there is 
at least a strong suspicion that the m-propyl ion when 
formed by electron impact tends to rearrange to the less 
energetic i-propyl ion. Thus there is a precedent for 
postulating the phenyl — benzyl rearrangement, and in 
addition it is characteristic that the atoms in ions 
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formed by electron impact show in many cases a very 
great degree of lability. 

On the other hand, a possible argument against the 
postulate of the rearrangement to benzy] ions lies in the 
fact that the relationship that one might reasonably 
expect between the magnitude of the rearrangement 
activation energy and the relative orientation of charge 
and substituent does not exist. For example, in the case 
of the tolyl — benzyl rearrangements one might think 
that the order of the activation energies would parallel 
the distances between charge and methyl] group, i.e., 
para>meta> ortho. Table V shows that some variation 
in the heats of formation of the tolyl ions does occur, 
which variation conceivably might be a manifestation 
of differing amounts of activation energies, but clearly 
the order is not that expected. Because of the possi- 
bility of high lability of atoms in ions, we do not think 
that the postulate of rearrangement must be rejected, 
but its acceptance must be subject to some reservation. 


SOLVOLYSIS OF DIAZONIUM SALTS 


In water solution benzene diazonium salts are highly 
jonized and at slightly elevated temperatures hydrolyze 
to give phenol and other products. The rates of the reac- 
tion of various diazonium salts have been investigated 
by Crossley, Kienle, and Benbrook” and by Moelwyn- 
Hughes and Johnson." The subject has been reviewed 
briefly, and the conclusions to be drawn have been sum- 
marized by Ingold" and by Bunnett and Zahler. The 
consensus is that the hydrolysis is of the first order, Sx, 
type, which suggests that the mechanism involves the 
formation of a pheny] ion as a slow step, followed by a 
rapid reaction with the nucleophilic species present in 
the solution. 

It is of interest to consider this reaction in the light 
of the energies of phenyl and benzyl ions discussed 
above. In so doing we find that the chemical evidence 
and electron impact evidence are quite contradictory. 
We have tentatively concluded that in the gas phase 
the substituted phenyl] ions rearrange to benzyl-type 
ions. Assuming that the rearrangement will also occur 
in solution (the assumption will be discussed more fully 
below), we would expect to find benzyl-type alcohols 
to be produced in the solvolysis. However, to our 
knowledge no such products have ever been reported, 
and consequently doubt is cast upon (a) our conclusions 
concerning the rearrangement in the gas phase, (b) 
the validity of applying gas phase, electron impact 
data to reactions in solutions, or (c) the ionic nature of 
the solvolysis reaction. 

Let us first assume that we are incorrect regarding 


” Crossley, Kienle, and Benbrook, J. Am. Chem. Soc. 62, 1400 
(1940). 


4 E. A. Moelwyn-Hughes and M. Johnson, Trans. Faraday 
Soc. 36, 948 (1940). 

2 (a) C. K. Ingold, Structure and Mechanism in Organic 
Chemistry (Cornell University Press, Ithaca, 1953), pp. 799 ff; 
(b) pp. 246, 257-259. 
is J. F. Bunnett and R. E. Zahler, Chem. Revs. 49, 273 (1951). 
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rearrangement, that is, the energy values measured by 
electron impact actually refer to phenyl-type ions. Then 
for an ionic solvolysis mechanism the much lower 
energy (about 55 kcal/mole) of tolyl ion as compared 
with phenyl ion would require that the rate of solvol- 
ysis of tolyl diazonium ion be very much greater than 
that of phenyl diazonium ion. In actuality, while the 
rate of reaction of the tolyl ion is somewhat larger 
(4-5 times)" than that of the phenyl ion, the difference 
is trivial as compared with that to be expected from ths 
observed difference in the gas phase energies of the iont. 
Thus the assumption of no gas-phase rearrangement 
does not reconcile the chemical and electron impact 
evidence. 

With regard to the problem of the applicability of 
electron-impact data to solution phenomena, it is cer- 
tainly true that the mechanism by which ions are 
formed in solution is entirely different from that by 
which they are formed under electron impact in the gas 
phase, and thus the behavior of the ions in the two 
phases might be quite different. If the C7H;* ion formed 
under electron impact from xylene indeed has the benzyl 
ion structure the rearrangement must occur during the 
decomposition of the xylene molecule-ion initially 
formed by the bombarding electron. However, any 
C;H;* ion formed in solution from tolyl diazonium ion 
is obviously not formed through a molecule-ion inter- 
mediate, and the activation energy for its rearrangement 
to benzyl ion could be quite different from that involved 
in the gas phase reaction. Furthermore, in solution the 
ion is not isolated as it is in the mass spectrometer, and 
it is quite conceivable that reaction with the solvent 
would take place more rapidly than rearrangement 
even in the presence of a small activation energy for 
rearrangement. 

These are powerful arguments which cannot be 
directly refuted. We can point out, however, that in 
other cases parallels between electron impact chemistry 
and solution chemistry do exist. Thus the electron- 
impact energies of the alkyl carbonium ions correlate 
nicely with the occurrence of Sy; or Swe types of sol- 
volysis for the corresponding alky] halides.** Further, in 
solution chemistry the carbonium ion rearrangements 
that one observes are those which are known from 
electron impact energies to be exothermic. Somewhat 
more specifically, there is a strong possibility that the 
gaseous n-C3H;* ion is appreciably more energetic than 
the i-C;H;*+ ion" and, furthermore, that the i-C:H;* 
ion is sometimes formed by electron impact from 
n-propyl! derivatives. Thus it is of interest to note 
that in the treatment of »-C;H;NHp with nitrous acid 
much i-C;H;OH is formed.'® Similarly, the evidence 
indicates that the C3;H;+ ion formed from cyclopropaneé 


4D, P. Stevenson, Trans. Faraday Soc. 49, 867 (1953); J. L. 
Franklin and F. H. Field (to be published). ; 

15 See, for instance, L. F. Fieser and M. Fieser, Organic Chemisiry 
(D. C. Heath and Company, Boston, 1944), p. 237. 


whic 
16 F 
17 R 
Sons, 





ed by 
Then 
lower 
pared 
olvol- 
than 
e the 
larger 
rence 
m ths 
 lont. 
ment 
npact 


ity of 
S cer- 
S are 
at by 
1€ gas 
e two 
yrmed 
enzyl 
1g the 
itially 
, any 
m ion 
inter- 
»ment 
olved 
yn the 
r, and 
ylvent 
ament 
ry for 


ot be 
vat in 
nistry 
ctron- 
‘relate 
of sol- 
her, in 
ments 

from 
ewhat 
at the 
¢ than 
C:H;* 

from 
» note 
s acid 
idence 
‘opane 


); J. L 


emistry 


ELECTRON 


by electron impact does not have a cyclic structure,!® 
and chemically it is found that cyclopropyl amine and 
nitrous acid yield chiefly allyl alcohol.'” 

In assessing the possibility of the rearrangement of 
substituted phenyl ions in solution we are hindered 
somewhat by the fact that because of the postulated 
rearrangement under electron impact we do not know 
the values of the ionic energies in the gas phase. How- 
ever, in view of the small effect of alkyl substitution on 
the energy of benzyl-type ions, it seems unreasonable 
to think that the effect on the energies of phenyl-type 
ions will be much different. Thus we can at least con- 
clude from our electron impact results that the ener- 
getics for rearrangement in solution are favorable, a 
situation which with other compounds leads to the 
observance of rearranged products. 

Although our considerations concerning the electron 
impact data involve some doubtful points, on the 
surface, at least, the data are not in accord with the 
postulate of an Sy; solvolysis of diazonium salts. It is 
consequently of interest to note that Bunnett and 
Zahler observe that the kinetic evidence for this 
mechanism is not conclusive. We are also of this 
opinion, and this uncertainty coupled with these elec- 
tron impact results indicate that a new study of the 
kinetics of the reaction might be warranted. 


AROMATIC SUBSTITUTION 


Electrophilic substitution on the benzene nucleus is 
generally considered to involve attack by an ion upon 
the ring in the following manner: 


. . 


x x 
| 
L * 
+\7 
\ 
+R+ > | H. 
g 


Most such reactions probably are limited in rate by the 
attack on the benzene nucleus (there are apparently 
a few exceptions to this, as for example the rate of 
nitration of benzene). Consequently, we might antici- 
pate that information concerning the energies of ions 
might be of value in understanding this type of reaction. 
It is well known that the effect of ring substituents 
on the rates of substitution reactions depends upon the 
electrical nature of the substituent; that is, rates are 
increased by substituents tending to increase the ring 
electron density, and conversely. Similarly, the ioniza- 
tion potentials of substituted benzenes are low for 
electron releasing substituents and high for electron 
attracting substituents, and we should expect, then, the 
tate of reaction to be approximately inversely related 
to the ionization potential of the aromatic. 
Unfortunately, there are few sets of kinetic data in 
which the rates of a common reaction with various 


‘6 F. H. Field, J. Chem. Phys. 20, 1734 (1952). 
"R. C. Fuson, Advanced Organic Chemistry (John Wiley and 
Sons, Inc., New York, 1950), p. 523. 
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TABLE VI. Rates of aromatic substitution reactions. 








Sulfonation> in 
nitrobenzene at 
40°C using 
Chloromethylation*® SO; H2SO, IP 
(relative rate) (Rk) (k X10) (volts) 





Too slow to 
measure 


Nitrobenzene 


7.8X 10° 0.24 


Benzonitrile . tee 9.95 
Benzene 1 48 15.5 9.52 
Chlorobenzene ee 2.4 10.6 9.42 
Bromobenzene tee 2:3 9.5 9.41 
Toluene 3 tee 79 9.23 
m-xylene 24 ore ee 9.02 
Mesitylene 600 ee tee 8.79 
Anisole 1300 tee see 8.9 
3,5 dimethylanisole 100 000 ee vee 8.7° 








® Relative rates from ORI, 66. 
b E. A. Braude, Ann. Repts. 46, 131 (1949). 
¢ Estimated by equivalent orbital calculations. 


substituted aromatics are measured at comparable con- 
ditions. In Table VI we compare the rates of chloro- 
methylation and the rates of sulfonation of several 
aromatic compounds with their ionization potentials. It 
is readily apparent that, broadly speaking, the expected 
relation is found; although, as is oftentimes the case, 
chlorobenzene and bromobenzene do not fit the pattern 
exactly. 

However, while large changes in rates of substitution 
seem to follow ionization potential, it must be em- 
phasized that the small effects usually attributed to 
hyperconjugation do not. Thus, we compare de la Mare 
and Robertson’s!® data on relative rates of chlorination 
and bromination of substituted benzenes in 15 percent 
aqueous acetic acid at 24°C with the ionization poten- 
tials of CsH;R. 


R H Me Et iPr t-Bu 


Chlorination 0.29 100 84 51 32 
Bromination see 100 76 44 23 
IP (volts) 9.52 9.23 9.12 9.13 9.35 


Obviously the correlation is poor. However, the com- 
paratively small reaction rates of the higher alkyl 
benzenes may be attributed, at least in part, to steric 
interference with attack at the ortho positions. Ingold!” 
has discussed this problem with regard to relative rates 
and orientation in the nitration reaction and has shown 
that the higher alkyl substituents such as /-buty] 
increase the sensitivity of the para position, although 
the total rate of mono-nitration is decreased with 
respect to toluene. Unfortunately the situation is further 
complicated by the fact that the quoted ionization 
potential of ¢-butyl benzene is suspiciously high. If the 
ionization potential is calculated by the equivalent 
orbital method a value of 9.06 v is obtained. This is 
more nearly concordant with the other values given. 
Thus we do not think that these data invalidate the 
relationship of rate of electrophylic substitution to 
ionization potential. 


18P, B. D. de la Mare and P. W. Robertson, J. Chem. Soc. 
1943, 279. 
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Although one can only speculate, it is perhaps still 
of value to postulate somewhat more detailed reasons 
for the occurrence of this relationship. For purposes of 
illustration the reaction may be considered as hypo- 
thetically occurring through the following series of 
steps: 


+et+la— Es, 


Rtt+e > R—Ip+Esps, 


x 


AN RB 
a [ H —p+Es,—Es:, 
JO 


4 


yi 
|" fe +1 4—Tkr—-D+Espi— Es. 


I, and If are, respectively, the ionization potentials 
of the aromatic and radical R; Es;, Esr+ and Ese are 
the energies of solvation of 


x x 

+\o A+ a 
, R* and R 

Y Y 


and D is the C—R bond strength. But J[4—Jr—D 
+ Esr+—Eso=AH pe, the heat of the reaction written 
above. It will be assumed that this endothermic heat 
of reaction is approximately equal to the energy of 
activation. While this would be difficult to prove, 


TABLE VII. Effect of substituents upon energies of 
carbonium ions. 


Reference 


AP, volts 





CH;CN — CH:—CN+H 14.5 
CH, > CH.—H+H 14.4 
CH,CH; > CH:—CH;+H 12.9 
CH,OH — CH,—OH+H 11.8 
C:H, — C(CH;):—H+H 
iC3H;Cl > ©(CH;)2—Cl+H 


C(CH;).— CH; +H 10.8 ‘ 


iC4Hio 





. A. McDowell and J. W. Warren, Trans. Faraday Soc. 48, 1084 

1983} 

bC. A. McDowell and J. W. Warren, Discussions Faraday Soc. 10, 53 
(1951). 

¢ PD. P. Stevenson and J. A. Hipple, J. Am. Chem. Soc. 64, 1588 (1942). 

4 Calculated from the appearance potential of the CH:0+ ion from 
ethanol, C. S. Cummings and W. Bleakney, Phys. Rev. 58, 787 (1940). 

¢ Calculated from the appearance potential of the CsH7* ion from iC4Hi0 
(see reference c above). : 

{Calculated from the appearance potential of the CsHsCl* ion from 
t-C4HsCl, D. P. Stevenson and J. A. Hipple, J. Am. Chem. Soc. 64, 2766 
(1942). 

« Calculated from the appearance potential of the CsH»* ion from neo- 
pentane, D. P. Stevenson, Discussions Faraday Soc. 10, 35 (1951). 
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similar assumptions have been successfully employed 
in interpreting the mechanisms of other ionic reactions. 
Thus, based upon this assumption, Evans®* and 
Franklin® have calculated the activation energies of 
SN, solvolysis of several alkyl halides and Franklin® 
has calculated the activation energy for the acid 
catalyzed hydration of isobutylene. The calculated 
results agreed quite well with experiment in all cases. 
When the attacking ion R* and the solvent are kept 
constant, J? and Espr+ will remain constant. D and 
Es» will vary somewhat with the original substituent XY, 
whereas J, varies considerably. It is our opinion that 
the variations in D and Es» are small, and to the extent 
that this is true the activation energies for electrophilic 
substitution reactions should depend primarily on the 
difference in ionization potentials of the aromatic 
molecule and the attacking group. However, variations 
in D and Es: might well be large enough to prevent the 
manifestation of the dependency of rate on ionization 
potential for aromatics with very similar ionization 
potentials, and indeed this might be the explanation for 
the fact that the order for benzene, chlorobenzene, and 
bromobenzene is scrambled. 

Perhaps the most fruitful application of ionic energies 
to the problem of aromatic substitution is in connection 
with the orienting influences of substituents. Electro- 
philic attack on aromatic molecules is thought to occur 
through an intermediate such as the benzenium ion 
as 

H| formed in the protonation of benzene. Now 
{ 
the energy required to produce a carbonium ion is 
greatly influenced by the groups attached to the carbon 
bearing the chargé. This is illustrated in Table VII, 
where we compare the appearance potentials of several 
RCH,* ions formed by the common process of removing 
a hydrogen atom. Since this is true the ionic attack on 
substituted benzenes will be such as to place the charge 
in the benzenium ion analogue at the position of least 
energy. In the case of electron releasing substitutents 
such as methy] this is the 1-position, and as a conse- 
quence ortho-para attack occurs, i.e., 


ay rer 
i ud Or. 


Under meta attack the charge cannot be referred to the 
1-position by simple bond rearrangement. On the other 
hand, with an electron attracting group such as —CN 
the charge will tend to avoid residing on the high energy 
1-position and meta attack occurs, i.e., 


CN 
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In Table I, the appearance potential of the CsHet 
ion from ethylbenzene is reported. The reaction by 
which this is formed is probably CsHsC2H;+e— 
CsHet+C2H.t+2e. It is of interest that the heat of 
formation of the benzene ion calculated from these 
results is 257 kcal/mole. The heat of formation of 
CsH.* ion as calculated from the ionization potential 
of benzene is 239 kcal/mole, so the activation energy 
for the reaction CsH¢t+C2H,— CeHsCoHs* is about 
18 kcal/mole. The activation energy of 18 kcal/mole, 
while somewhat larger than that commonly found, is 
still surprisingly small for the type of process encoun- 
tered here. 

As is shown in Table I the appearance potential of 
the CsHst ion from ethylbenzene was determined. This 
ion is almost surely the styrene ion, and the reaction 
involved is as follows: 


CsH;C2H;+ = C.sH;CoH3t+ H.+ 2e. 


It is of interest that the heat of formation for the ion 
calculated from this measured value is 242 kcal/mole, 
whereas that obtained from the ionization potential of 
styrene as measured by Morrison and Nicholson? is 238 
kcal/mole. This difference is probably within the ac- 
curacy of the experimental work, but even if taken at 
face value it shows an activation energy for the four- 
center reaction of only 4 kcal/mole. This, of course, is 
in agreement with the small activation energy found 
for a large number of other four-center ionic reactions. 

As a matter of interest, the appearance potential of 
the mass 77 ion from ethylbenzene was measured. In 
Table I the appearance potential is seen to be 16.33 
volts. If it is assumed that the reaction involves the 
formation of an ethyl radical, we calculate a heat of 
formation for the phenyl ion of 359 kcal/mole. This 
would represent an excess energy of nearly three volts. 
Other alternatives are possible, however; thus ethylene 
and a hydrogen atom, or Hz and a vinyl! radical are 
possible products of reaction. Of these, the latter, which 
gives a heat of formation for the phenyl! ion of 302 
kcal/mole, seems to be the more reasonable, or at least 
to agree most nearly with the value determined from 
benzene. 

In addition to the study of the aromatic ions, an 
attempt has been made to measure the heat of formation 
of the phenyl and ethyl phenyl radicals. One would 
expect the appearance potential of the ethyl ion from 
ethylbenzene to give a direct measure of the heat of 
formation of the phenyl radical since the heat of forma- 
tion of the ethyl ion is well known. Unfortunately, in 
the case of ethylbenzene, the mass 29 peak is so small 
as to be unsuited to appearance potential measurements. 
However the mass 27 peak, while not large, is suffi- 
ciently great for this purpose, and accordingly we 
measured the appearance potential of the vinyl ion 
from ethylbenzene. Similar considerations apply in the 
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case of the 1,4-diethylbenzene, and the vinyl ion was 
also measured from this compound. Unfortunately, 
because of the small slope of the ionization efficiency 
curves near the vanishing current, the precision of these 
measurements is poor. We assume the reaction in the 
case of ethylbenzene to be CsH;C2Hs+e— CoH; 
+C:H;++ H2+ 2e. A similar reaction would be expected 
with the diethyl benzenes. We find the heat of formation 
of the phenyl radical to be 66 kcal/mole, which is in 
good agreement with Szwarc and Williams’ value of 
70 kcal/mole. Similarly in the case of the ethyl pheny! 
radical, we calculate a heat of formation of 49 kcal / 
mole. If the Szwarc and Williams value for the phenyl! 
radical is correct, and if, as seems reasonable, the ring- 
hydrogen bond strength is not influenced by sub- 
stituent, we would find a heat of formation for the 
ethyl phenyl! radical of 57 kcal/mole. The agreement, 
while not good, is within the precision of our measure- 
ment of the appearance potentials for the vinyl ion by 
this process. 

It should be mentioned that these values are made 
somewhat questionable by the fact that one can write 
for the formation of the vinyl ions alternative mecha- 
nisms which are almost compatible with the observed 
appearance potentials, namely, 


CsH;CoH;+e ay CoH3t+ CsHe+ H+ 2e 


(and analogously for diethyl benzene). However, if 
these reactions actually do occur, our appearance poten- 
tials are erroneously low by as much as perhaps a volt, 
and we are inclined to think that the mechanisms 
producing the phenyl! and ethyl phenyl radicals are 
correct. 

The appearance potentials of the methyl ions from 
toluene and ethyl benzene and the i-propy! ions from 
the isomeric di-isopropy] benzenes were measured, but 
the values obtained do not correspond to any recog- 
nizable ionization mechanisms. The energies to be 
associated with the neutral fragments formed in con- 
junction with the above ions are 108, 72, and 110 kcal/ 
mole, respectively. The only conclusion to be drawn is 
that extensive excitation and/or decomposition occurs 
in the reactions. 

Finally, from the energies of the phenyl and benzyl 
ions obtained in this work and the published energies 
of the corresponding radicals, the ionization potentials 
of the radicals can be calculated. For phenyl radical 
I=298—70=228 kcal/mole=9.89 ev, and for benzy] 
I =234—37.5=196.5 kcal/mole= 8.52 ev or 234—49.5 
= 184.5 kcal/mole= 8.0) ev, the two values resulting from 
the divergent literature values for AHy(CsHsCH2°).”-** 

 M. Szwarc and D. Williams, J. Chem. Phys. 20, 1171 (1952). 

20 M. Szwarc, Chem. Revs. 47, 75 (1950). 

21 Anderson, Scheraga, and Van Artsdalen, J. Chem. Phys. 21, 
1258 (1953). 

2 Since this paper was submitted for publication, D. O. Schissler 
and D. P. Stevenson (J. Chem. Phys. 22, 151 (1954)) have reported 
values for the appearance potentials of the benzyl ions formed 


from toluene, ethylbenzene, and bibenzyl, namely, 11.80, 11.25, 
and 10.53 volts, respectively. The benzyl ion heats of formation 
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EXPERIMENTAL 


The appearance potential measurements were made 
by the vanishing current method using a modified 
Westinghouse Type LV mass spectrometer. The modi- 
fications consisted of the replacement of mass spec- 
trometer tube originally supplied with the instrument 
with one manufactured by Dr. J. A. Hipple and the 
use of a Brown recording electrometer to measure the 
ion currents. The minimum ion current which could be 
detected was on the order of 1X 10~* amp. The electron 
accelerating voltage was varied continuously by means 


corresponding to the toluene and ethylbenzene appearance poten- 
tials are 232 and 234 kcal/mole, in excellent agreement with the 
value found by us. When this value is combined with the bibenzy] 
appearance potential, the heat of formation of the benzyl radical 
is found to be 37 kcal/mole, in excellent agreement with Szwarc’s 
value. The corresponding value for the ionization potential of 
the benzyl radical is 8.50 volts. 


r. @. FPISLD AND j. L. 





FRANKLIN 





of a motor driven potentiometer, and thus a plot of the 
ionization efficiency curve in the neighborhood of the 
threshold voltage could be obtained in ten minutes and 
with a minimum of effort. The remainder of the tech- 
nique used was similar to that previously described.” 

The apparatus and method were checked by meas- 
uring ionization and appearance potentials of various 
compounds for which these quantities are known. 
Quite satisfactory agreement with published values 
was obtained. 

All the compounds used in this study were NBS 
Standard Samples. 
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Para-xyly| radicals were generated by pyrolysing para-xylyl bromide in the presence of toluene or of para- 


xylene. Investigation of their behavior led to the conclusion that the quinonoid hydrocarbon CH2: CsHy: CH 
is formed by the disproportionation process. Further information about this reaction was secured by study- 
ing the pyrolysis of w, w’ dibromo para-xylene (Br: CH2-CsH,:CH2- Br). Semiquantitative treatment of the 
data indicates that the activation energy of the dissociation process 


CH:: C.H,: CH;-CH:: CeHs: CH.+H 


is of the order 70 kcal/mole. Consequently, the dissociation process is too slow to account for the formation 
of the quinonoid hydrocarbon, at temperatures below 1100°K. We therefore attribute the formation of the 
quinonoid hydrocarbon to the disproportionation reaction. 

Reinvestigation of the pyrolysis of benzyl bromide confirmed the past results and particularly the value 
for D(CsH;-CH2—Br). It was shown that the rate constant for the decomposition of p2ra-xylyl bromide is 
essentially equal to the rate constant for the decomposition of benzyl bromide, and it appears that the rate 
constant for the decomposition of w, w’ dibromo para-xylene is higher by statistical factor of 2 from the rate 


T was found by one of us! that the low-pressure pyrol- 
ysis of para-xylene yields a quinonoid hydrocarbon 
of the following structure: 


cH—<__>=CH:. (I) 


This hydrocarbon was found to be relatively stable in 
gaseous phase, but on cooling and subsequent condensa- 
tion it polymerizes rapidly, forming a tough, trans- 
parent or white film which is deposited on the walls of 
a condenser. The polymeric material thus produced is 
insoluble in organic solvents when heated to tempera- 
tures lower than 200°C, and it is infusible below 400°C. 
Its constitution which was deduced from analytical 

* This investigation has been supported by grants from Na- 
tional Science Foundation and Research Corporation. 


1M. Szwarc, Discussions Faraday Soc. 2, 46 (1947); J. Polymer 
Sci. 6, 319 (1951). 


constant of the decomposition of para-xylyl bromide. 












data, infrared investigations, and oxidative degrada- 
tion seems to be described adequately by formulas II 


+h he ~~ 
a ; 
i a 4 Ca 


The past work! proved conclusively that the pyrol- 
ysis of para-xylene is initiated by reaction (1) 


2M. Szwarc, J. Chem. Phys.-16, 128 (1948). 

’ Kaufman, Mark, and Mesrobian, J. Polymer Sci. 13, 3 (1954). 
( . a Haas, Kane, and Livingston, J. Polymer. Sci. 13, 137 
1954). 
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and that the quinonoid hydrocarbon I is formed sub- 
sequently from para-xylyl radicals. The assumption 
that para-xylyl radicals are indeed the primary products 
of pyrolysis of para-xylene seems to be sound and it is 
based primarily on the following observations: (a) Di- 
benzyl is the main product of the pyrolysis of toluene? 
while the substituted dibenzyls are the main products 
of pyrolyses of toluene derivatives (see, e.g., reference 
5); (b) Small quantities of 4,4’ dimethyl dibenzyl are 
present among the products of pyrolysis of para-xylene ; 
(c) The pyrolyses of toluene and of toluene derivatives 
seem to be essentially first-order reactions which have 
the characteristics of unimolecular decompositions. On 
the other hand, the nature of the reaction which yields 
the quinonoid hydrocarbon I has not been established 
conclusively, and two alternative reactions need con- 
sideration : the disproportionation of para-xyly] radicals 
(reaction 2) and the decomposition of para-xyly] 
radicals (reaction 3) 


CH, CH, CH, CH; 
! 
| | 





























(3) 











In the complete mechanism of pyrolysis of para-xylene, 
reaction (2) would represent a termination step, while 
reaction (3) would be a chain propagation step. Partici- 
pation of either reaction in the over-all decomposition 
would lead to the same products and the same stoi- 


TABLE I. Pyrolysis of benzyl bromide. 











Expt. Pcompd. 

No. ‘ie mm Hg % decomp t; sec k-102 sec 
25 747 0.276 3.78 0.795 4.82 
26 751 0.278 4.34 0.806 5.48 
27 755 0.282 Sun 0.830 6.45 
16 763 0.572 6.4 0.822 8.05 
21 776 0.224 14.0 0.788 19.1 
22 778 0.219 14.8 0.784 20.0 
17 790 0.515 20.7 0.778 29.8 
28 799 0.279 27.5 0.700 45.8 
18 821 0.23 54.5 0.754 104 
19 824 0.22 56.5 0.684 121 

20 825 0.25 60.8 0.755 124 








(1948) Szwarc and J. S. Roberts, J. Am. Chem. Soc. 70, 2831 
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chiometry of the over-all reaction. Hence, any dis- 
crimination between these two alternatives must be 
based either on kinetics grounds, or on the results of 
entirely new experiments, 

Let us consider first of all the effect of reaction (2) 
or (3) on the kinetics of the over-all decomposition of 
para-xylene. Reaction (2) leads to the formation of 
hydrocarbon I and to the regeneration of a molecule of 
para-xylene. No hydrogen is produced by this process. 
On the other hand, reaction (3) demands the formation of 
a hydrogen atom for each monoradical CH3-CsH,: CH: 
which disappears. Now, it has been shown? that hydro- 
gen atoms react rapidly with toluene, the xylenes, and 
other toluene derivatives according to the equations 
exemplified by (4).T 


CH; CH.- 
| | 


+H + He. (4) 


\ 


| | 
CH; CH; 





It follows, therefore, that as a result of reactions (3) and 
(4) each disappearing monoradical CH;-CsH,:CHe: 
would regenerate another radical of the same type. 
Hence, the occurrence of reaction (3) should initiate a 
chain decomposition of para-xylene, and one would 
expect that under such circumstances the rate of de- 
composition of para-xylene might be much higher than 
the rate of decomposition of toluene or of meta-xylene 
(the decompositions of the latter compounds were 
shown to proceed by a simple unimolecular mechanism). 
Actually, the rate of decomposition of para-xylene 
exceeds only by a factor of three the rate of decomposi- 
tion of meta-xylene, and thus this observation was con- 
sidered as an evidence against reaction (3). 

Studies of pyrolyses of organic bromides, carried out 
in our laboratories, suggested a new approach to the 
problem. It was shown® that the pyrolysis of benzyl 
bromide in the presence of an excess of toluene proceeds, 
according to Eqs. (5)—(7), 


C.H;-CHo- Br — C.H;- CH: + Br, (5) 
C.H;:CH; oa Br =? C.H,;-CHo- of H-Br, (6) 
2CsHs:CH2: — dibenzyl. (7) 


Moreover, it appears that the pyrolyses of benzy] 
bromide derivatives (including para-xylyl-bromide) 
proceeds essentially in the same manner.’ In view of 
these observations we reinvestigated the pyrolyses of 
benzyl bromide and para-xylyl-bromide and extended 


t The reaction between hydrogen atoms and toluene or the 
xylenes takes slightly more complex course (see reference 2 for 
the details). However, these complications are irrelevant for our 
argument. 

6 Szwarc, Ghosh, and Sehon, J. Chem. Phys. 18, 1142 (1950). 

7 (On Sehon, and Szwarc, Proc. Roy. Soc. (London) A209, 
97 (1951). 
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these studies to the investigation of the pyrolysis of 
dibromo para-xylene. Furthermore, we carried out ouf 
experiments using both toluene and para-xylene as 
carrier gases.[ The decomposition of these bromides 
takes place in the temperature region of 500°-600°C, 
while the decomposition of para-xylene is negligible 
below 800°C. Hence, we secured the means of producing 
para-xyly] radicals by reactions (8) and (9) and of 
studying their behavior under conditions which are 
not complicated by the thermal decomposition of para- 
xylene. 


PYROLYSIS OF BENZYL BROMIDE AND 
PARA-XYLYL BROMIDE 


The reinvestigation of the pyrolysis of benzyl bromide 
confirmed fully the previous results obtained by Leigh, 


TABLE II. Pyrolysis of para-xylyl bromide. 














Pcompd. 


Expt. 
mm Hg 


No. T°K 


Y% decomp tsec 


















‘ 748 0.70 7 0.850 5.67 
68 749 1.02 5.25 0.840 6.47 
56 752 0.63 5.17 0.820 6.42 
10 757 0.38 6.25 0.820 7.80 
79 760 0.41 7.40 0.820 9.03 
112 761 0.052 6.86 0.805 8.30 
111 764 0.051 6.06 0.795 7.83 
69 766 0.40 9.40 0.790 12.60 
110 768 0.053 9.60 0.826 12.20 
108 769 0.062 8.95 0.846 11.05 
73 770 0.43 12.20 0.810 16.10 
109 781 0.050 17.20 0.830 22.90 
71 781 0.360 19.10 0.790 26.80 
344 783 0.071 27.00 1.152 27.20 
101 787 0.054 20.80 0.790 29.40 
81 788 0.370 25.90 0.790 37.80 
91 788 0.290 25.00 0.780 36.90 
102 789 0.054 22.70 0.795 32.40 
74 792 0.400 29.80 0.790 45.00 
65 793 0.540 31.30 0.750 50.30 
63 795 0.680 34.30 0.730 57.20 
33# 799 0.072 48.00 1.200 54.50 
106 811 0.058 48.40 0.795 82.90 
86 813 0.290 56.00 0.790 107.00 
107 814 0.047 53.50 0.807 96.50 








* Using para-xylene as carrier gas. 


Sehon, and Szwarc’ and by Szwarc, Ghosh, and Sehon.® 
Our present data are summarized in Table I and pre- 
sented in Fig. 1. To stress the agreement between 
this set of data and those- reported in reference 7, we 
plotted also the results of the latter investigation on 
Fig. 1. Using the present data, we computed the activa- 
tion energy of the dissociation process (5) at 51.0 
kcal/mole, while the value reported in reference 6 is 50.5 
kcal/mole, the difference being well within the experi- 
mental uncertainty.§ 





t See references 6 and 7 for details of experimental technique. 

§ It has been stressed in previous publication that the absolute 
value of the rate constants might be a subject of an error due to 
the uncertainties resulting from the nonideal temperature distri- 
bution in the reaction vessel and from other calibration errors. 
Hence, whenever a comparison of the rates of various pyrolyses is 
desired, the relevant data are redetermined on the same apparatus 
(see, e.g., footnote on p. 98, in reference 7). 
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On the other hand, the reinvestigation of the pyrol- 
ysis of para-xylyl bromide led to results which are not 
entirely in accord with those reported in reference 7. 
It is probable that a slight decomposition of the melted 
xylyl bromide occurred in previous experiments. We 
found, indeed, that some compounds belonging to this 
class of organic bromides decompose easily on melting, 
particularly if they are slightly impure. Such decomposi- 
tion would account for the observed discrepancy. 

We summarized in Table II and in Fig. 2 our present 
data on the pyrolysis of para-xylyl bromide. It is 
striking that at lower-temperature range the uni- 
molecular rate constants (which are based on the rate 
of formation of HBr) are essentially the same for 
benzyl bromide and for para-xylyl bromide. This ob- 
servation suggests that the rate of rupture of C—Br 
bond is not affected by substituting a methy] group fora 
hydrogen atom (i.e., by converting a molecule of benzy! 
bromide into para-xylyl-bromide).|| 

Furthermore, we have found that the rate of forma- 
tion of HBr is not altered when para-xylene is intro- 
duced instead of toluene as a carrier-gas (see runs 33 
and 34 in Table II). These observations assure us that 




























|| This statement differs from the conclusion arrived at in 
reference 2. Further discussion of this point will be offered in the 
latter part of this communication. 
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reaction (8) 


CH;-< >-CHo-Br a> 


is indeed the rate determining step in the pyrolysis of 
para-xylyl bromide, and that this reaction is followed 
by a rapid reaction (6) if toluene in an excess is present 
in the system, or by a rapid reaction (9) 


‘H.. i -CH; Br — 
CH; ¢ 2 3+ r 


CH;  »-CH: + HBr (9) 


if para-xylene in an excess is present in the system. 


DISTINCTION BETWEEN THE DECOMPOSITION AND 
THE DISPROPORTIONATION OF PARA-XYLYL 
RADICALS 
The results reported in the preceding section suggest 
the following experiments. Let us decompose para-xyly] 
bromide in the presence of an excess of para-xylene 
and thus to produce para-xylyl radicals [according 
to Eq. (8) and (9) ]. Now, if these radicals dispro- 
portionate—the quinonoid hydrocarbon I produced 
would yield eventually the polymer II, and the only 
gaseous product of the pyrolysis should be hydrogen 
bromide. On the other hand, if the para-xyly] radicals 
decompose [according to Eq. (3) ], hydrogen atoms 
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formed would initiate a chain decomposition of para- 
xylene, and consequently hydrogen as well as hydrogen 
bromide would be present in the gaseous products of 
pyrolysis. Moreover, in the latter case the molar ratio 
of H:/HBr would measure the length of the kinetic 
chain of the decomposition. 

We performed these experiments and found that the 
hydrogen bromide formed contains only traces of 
hydrogen, but we found at the same time that no 
polymer was produced. Examination of the solid 
products of the pyrolysis revealed that they contain 
an impure 4,4’ dimethyl dibenzyl. When the tempera- 
ture of the pyrolysis was raised by about 50° up to 


‘about 600°C, we found an appreciable amount of 


hydrogen in the products of pyrolysis. At the same time 
we found that the solid products of the decomposition 
contain 4,4’ dimethyl] stilbene, and still no detectable 
amounts of the polymer.{] To obtain detectable amounts 
of polymer we had to raise the temperature of the pyrol- 
ysis to about 800°C, i.e., to the temperature at which 
para-xylene begins to decompose slightly. 

Our results show clearly that para-xylyl radicals are 
formed, but they neither decompose nor dispropor- 
tionate in the temperature range 500°-600°C. They 
disappear simply by dimerisation. 


PYROLYSIS OF w, w’ DIBROMO PARA-XYLENE 


To gain further information relevant to our problems, 
we studied the pyrolysis of w, w’ dibromo para-xylene. 
The primary step in the decomposition of this com- 
pound is undoubtedly represented by Eq. (10) 


BrCH:€>-CHs-Br —> 
Br-CH:-< = >-CH»» + Br, (10) 


and one would expect that the rate constant of this 
reaction would be twice as high as that for reaction (8).** 
At temperatures at which the dibromo compound de- 
composes one might expect a decomposition of the 


(Br-CHe- -CH2-) which is 


formed in reaction (10). 


Now, if this decomposition, which is represented by 
Eq. (11) 


BrCHs-€>-CHy aa 
CH=CH: + Br, (11) 


proceeds more rapidly than decomposition (10) one 
would expect formation of two bromine atoms, and con- 
sequently ‘wo HBr molecules, for each molecule of 
dibromo compound decomposed. Thus, the unimolecu- 


bromo radical 


{{ Hence the hydrogen produced under these conditions results 
from dehydrogenation of dimethyl-dibenzyl into dimethyl 
stilbene. 

** The factor 2 is purely statistical factor. See in this connec- 
tion M. Szwarc and D. Williams, Proc. Roy. Soc. (London) A219, 
355 (1953). 
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lar rate constant of reaction (10) should be computed 


from the formula 
1 1 


l—~—. 


1 (1—f/2) 
where —#/?) 


amount of HBr formed in the decomposition 





amount of dibromo compound pyrolysed 


and the amount of HBr produced at lower fraction of 
decomposition should be by a factor of 4 higher than 
the amount of HBr formed by the pyrolysis of para- 
xylyl bromide. The rate constants computed in such a 
way are presented in Table III and on Fig. 2. A closer 
inspection of these data shows that the amounts of 
HBr produced at lower temperature range is higher only 
by about a factor of 3 than that produced by the pyrol- 
ysis of para-xylyl bromide carried out at the corre- 
sponding temperature and time of contact. However, a 
relatively greater amount of HBr is produced at higher 


temperatures. These facts suggest that the rate of de- 
composition of Br-CH2- -CH2: radical is com- 


parable to the rate of decomposition of para-xylyl 
bromide, and that the mechanism of decomposition of 
the dibromo compound is given essentially by the 
following system of equations: 


Re 
Br-CH€ >-CHy-Br ab 
Br-CHy€ >-CHts + Br, (10) 


5 
‘CHa -CHeBr oe 
CHC S=CH, + Br, (11) 


ke 
-CH>2Br + C.H;-CH; =—- 


or 


-CHo: 





| 
[ CH;-: -CH.:-Br 4. C.H;-CHe- (12) 


Reaction (12) is followed by reaction (8) 


ky 
CHC >-CHe Br band 
CH >-CH + Br, (8) 


and finally Br atoms react according to Eq. (6) 
C.H;: CH; + Br —> C.H;-CHe2- + HBr. (6) 


Reactions (11) and (12) represent two alternative ways 
for the disappearance of radicals 


CH): ¢ CH: Br.tt 


tt Mr. Rembaum, working in our laboratories, succeeded in 
isolating para-xylyl bromide from the products of pyrolysis of 
dibromo xylene. This result proves the occurrence of reaction (12) 
in the pyrolysis of dibromo para-xylene. 
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TABLE III. Pyrolysis of w, w’ dibromo para-xylene.* 











Expt. Pcompd. ‘'% decomp” 

No. i 4 mm Hg =f tsec k’ +102 secnt 
258 748 0.068 11.2 0.82 7.25 
267 748 0.038 13.2 0.90 7.55 
278 758 0.035 16.8 0.87 10.05 
277 759 0.028 18.4 0.90 10.7 


272 770 0.029 31.7 0.88 19.6 
262 774 0.049 39.2 0.88 24.9 
280 785 0.034 60.1 0.87 42.0 
235° 787 0.066 75 1.132 41.7 
275 794 0.036 81.7 0.86 60.7 
284 798 0.034 88.5 0.84 69.5 
285 799 0.033 85.0 0.84 66.0 
266 802 0.030 99.7 0.85 81.5 








ak’ =(1/t) In-1/(1 —f/2). 
b Using para-xylene as carrier gas. 


The foregoing scheme corresponds to the following 
kinetic equations: 


dL HBr ] 
dt 


= Ro: [Br- CH. i‘ C,H: CH,- Br] 
+k: [CH;- C.H,:- CHsz:- Br +4, 





where y represents the rate of formation of HBr result- 
ing from the decomposition of the radical 


‘CH >-CHe-Br. 


It is easy to see that y has the form 
y= ko: [Br- CH2- CsHy- CH2: Br ]-x, 


where x denotes the fraction of radicals 


‘CH€>-CHs Br 


decomposed, while 1—« denotes the fraction of radicals 
which react according to Eq. (12). It follows that 


x ka 


1—x k.-[CcHs-CH;} 





and thus one can integrate the differential equation 
which gives dLHBr ]/dt, keeping in mind that 


dl CH; . C,H, . CH,Br | 
dt 
= koX (1 a x) “ [CH-2Br- C.H, . CHz:- Br | 





—k,-[CH;-CsH4: CH:Br], 
and that 


[CH-Br- CoH, ; CHe x Br |= Co: exp(— ke: t), 


where Cp denotes the initial concentration of dibromo 
compound, 
Assuming that k2=2k,= 2k one derives the following 
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integrated result: 


“The total HBr formed in the pyrolysis” 
= 2Co-{1—exp(—k?t)}-{1+-exp(—ki)}. 


Since we defined f as ‘The total HBr formed”/Co, we 
can rewrite the above equation in the following way 





f 
:-[; {1—exp(—k?)} 7 1 expt. 


The last result can be utilized for calculating x from 
experimentally determined f/, using values k as deter- 
mined from the pyrolysis of benzyl bromide.{{ Table IV 
contains the relevant data needed for the computation 
of x and of «/(1—-), the latter values being equal to 


(ka/ke)- (toluene }-'. 


In our experiments the concentration of toluene was 
kept constant. Hence, we can obtain the difference in 
the activation energy of the decomposition process (11) 
and the activation energy of the bimolecular reaction 
(12) by plotting In{x/(1—.x)} versus the reciprocal of 
temperature. Figure 3 shows the results, and the 
straight line drawn gives a rough estimate for the value 
of Ea—E.. 

Before we proceed further with our discussion let us 
remark that the formula by which we calculated the 
values of x amplifies enormously any experimental 
errors. These errors are squared again when we com- 
pute «/(1—x). Consequently, one should not be sur- 
prised by the scatter of points as seen in Fig. 3. To 
demonstrate the difficulties let us compare the results 
of runs 258 and 257. The corresponding f’s are very 
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4 e-€,-€, = 34 noel / mote 
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tt The discussion given in a later section will make it clear why 
Wwe prefer to use the values of & as determined from the pyrolysis 
- we bromide and not from the pyrolysis of para-xylyl 
romide, 
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close, namely, 0.112 and 0.132, and in view of the fact 
that the latter run corresponds to a longer time of 
contact than the former (see Table IV) these results 
lead to a very close value for k’, namely, 7.25 and 7.55. 
However, this small discrepancy leads to a very large 
difference in the value of x/(1—x) which are 0.478 and 
0.725, respectively. 

The value for Ez—£, as derived from Fig. 3, seems 
to be about 34 kcal/mole. On the other hand, we can 
compute E,—E£, in an entirely different way. Let us 
start from the premises that kg as a unimolecular rate 
constant is given by the expression 


kg~10"-exp(—E4/RT), 


and k, as a bimolecular rate constant is given by the 
expression 


k<—~10"-exp(—E./RT). 


The frequency factor of 10" is reasonable for a hy- 
drogen transfer reaction involving an interaction be- 
tween large radicals and molecules (see references 8 
and 9). Since the concentration of toluene is of the 
magnitude 3.10-7 mole/cc, we conclude that 


E,—E—(8.5—log{x/(1—x)} ]-4.6-T 
at T=800°K, log{x/(1—x)} is about 0.2. Hence 
Ea—E<~30 kcal/mole. 


Admittedly, these calculations are very approximate, 
nevertheless they show that the proposed value of 
E.z—E, is self-consistent and probably correct within 
+5 kcal/mole. It is probable that E, is of the order of 
10 kcal/mole,§§ and hence Ez would be of the order 
of 40 kcal/mole. 


FURTHER DISCUSSION OF THE PYROLYSIS 
OF PARA-XYLYL BROMIDE 


We are now in a position to explain some peculiar 
features of the pyrolysis of para-xylyl bromide. A closer 
inspection of the data collected in Table II as well 
as an examination of Fig. 2 reveals that the calculated 
first-order rate constants are slightly pressure depend- 
ent. Changing the partial pressure of para-xylyl 
bromide by a factor of 10 from a few hundredths of a 
mm Hg to a few tenths of a mm Hg increases the rate 
constant by about 10 percent. Furthermore, the ap- 
parent activation energy seems to be of the order of 55 
kcal/mole, i.e., it is higher than the activation energy 
obtained for the pyrolysis of benzyl bromide. 


8E. W. R. Steacie and M. Szwarc; J. Phys. Chem. 19, 1309 
(1951). 

®Dobres and P. W. Selwood, J. Am. Chem. Soc. 72, 5731 
(1950). 

§§ We arrive at this value by considering the published data on 
activation energies of similar hydrogen transfer reactions. See A. 
D. Trotman-Dickenson and E. W. R. Steacie, J. Am. Chem. 
Soc. 72, 2310 (1950). 
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Both these phenomena may be explained by assum- 
ing that the following reaction 


Ph- CH: a CH;-CsH,-CH2Br — 
Ph-CH; + -CH2-CsHy-CHeBr (13) 


takes place in the pyrolysis of para-xylyl bromide. It 
is natural to introduce reaction (13) which is the re- 
verse of reaction (12), and one may expect that the rate 
constant for those two reactions should be approxi- 
mately equal. It follows from the calculations, which are 
given below, that the rate of reaction (13) is negligible 
when the partial pressure of para-xylyl bromide is of 
the order of a few hundredths of a mm Hg and the frac- 
tion of decomposition not too high. Since all our experi- 
ments with w, w’ dibromo para-xylene were carried out 
with a very low partial pressure of the compound, it is 
superfluous to include reaction (13) in the scheme repre- 
senting the mechanism of pyrolysis of this compound. 

Let us examine now in a semiquantitative way the 
consequences of the occurrence of reaction (13). We 
assumed previously that the bimolecular rate constant 
for reaction (12) is given by the expression 


k.=10"'-exp(—10 000/RT). 


Taking the same expression for the bimolecular rate 
constant of (13) we derive a value of about 1.6-10* for 
ky; at 770°K. At this temperature about 10 percent of 
para-xylyl bromide decomposes in about 0.8 sec. Hence, 
the average concentration of benzyl radicals present in 
the system should be of the order of 10~° mole/cc if 
the concentration of para-xylyl bromide is of the order 
10-* mole/cc (the partial pressure of the order of a few 
tenths of a mm Hg), and it would be of the order 10-” 
mole/cc if the concentration of para-xylyl bromide is of 
the order of 10~° mole/cc (the partial pressure of the 
order of a few hundredths of a mm Hg). It follows 
that the relative amount of -CH»:CsH4-CH2Br radicals 
produced by reaction 13, i.e., 


[- CHz: CeHa: CH, . Br] 
[CH; : CoH, . CH. . Br } 





would be about 0.13 for Pcus-CeH4-CH2-Br~0.3 mm Hg, 
and about 0.013 for PcH 3-CeHy-CH2Br0.03 mm Hg. 
Since about $ of these radicals are decomposed under 
these conditions we expect an increase of about 6 per- 
cent in the amount of HBr collected at higher partial 
pressure of para-xylyl bromide, and of about 0.6 per- 
cent at lower range of partial pressures. The increase in 
the amount of HBr formed would produce a similar 
increase in the apparent rate constant. Hence by intro- 
ducing reaction (13) into the mechanism of the pyrolysis 
of para-xylyl bromide, we can account not only for the 
observed change in the apparent rate constant, but also 
for the magnitude of this change. 

Similarly we can account for the apparent high activa- 
tion energy of the pyrolysis. At higher temperatures the 
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“ABLE IV. Calculation of x and of x/(1—-x). 











Run 1/T +108 In-k exp (kl) tj x x/(1 —x) 
258 1.337 —1.27 1.0449 0.112 0.324 0.478 
267 1.337 —1.27 1.0495 0.132 0.420 0.725 
278 1.319 — 1.08 1.0750 0.168 0.215 0.305 
277 1.318 — 1.07 1.0795 0.184 0.259 0.349 
212 1.299 — 0.86 1.1275 0.317 0.473 0.896 
262 1.292 —0.78 1.157 0.392 0.515 1.06 
280 1.274 —0.58 1.257 0.601 0.592 1.45 
275 1.259 — 0.42 1.387 0.817 0.638 1.76 
284 1.253 — 0.35 1.456 0.885 0.597 1.48 
285 1.252 — 0.34 1.468 0.850 0.485 0.942 
266 1.247 —0.28 1.562 0.997 0.600 1.50 





fraction of decomposition is higher, and hence the con- 
centration of benzyl radicals increases. Furthermore, 
the fraction of -CH.-CsH,:CH»-Br decomposed in- 
creases also. Both these factors make the apparent 
activation energy of the pyrolysis higher, and semi- 
quantitative calculations show again that the increase 
is of the proper order of magnitude. 


DISCUSSION OF THE PYROLYSIS OF PARA-XYLENE 


Our present data enables us to deduce an approxi- 
mate value for the activation energy of the dissociation 
process (3) 


‘CH,¢ »>)-CH,— 
CH= =CH, + H. (3) 


Most probably, the activation energies £; and Ey (the 
latter being the activation energy of the process 
-CH»-CsHy- CH2Br — CH2: CsH4: CH2 + Br) are only 
slightly higher than the respective bond dissociation 
energies, i.e., D(-CH»2-CsH4-CH2 — H) and D(-CH:- 
(sH,-CH: — Br). This conclusion is based on the as- 
sumption that the respective reverse reactions should 
not require more than a few kcal/mole of activation 
energy, if any. Hence, 


E,—Ew~D(-CHe:-CsHs4-CHe — H) 
— D(-CHe2-CseH4: CH — Br). 


Now, the available data seems to indicate that the 
differences between the various R—H bond dissociation 
energies and the corresponding R— Br bond dissociation 
energies are approximately constant. For example, the 
difference D(CsH;-CH2—H)—D(C.H;-CH2— Br) has 
been obtained directly from the determined values of 
the dissociation energies and indirectly from the thermo- 
chemical data.!° The first method leads to AD=27 
kcal/mole while the second yields AD=29 kcal/mole. 
The inspection of other thermochemical! data"! gives for 
various D(R—H)—D(R-—Br) values ranging from 
30 kcal/mole to 33 kcal/mole. Thus, if we choose 30 

100, H. Gellner and H. A. Skinner, J. Chem. Soc. 1949, 1145. 


lM. Szwarc, Chem. Revs. 47, 75 (1950); J. S. Roberts and 
H. A. Skinner, Trans. Faraday Soc. 45, 339 (1949). 
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kcal/mole as an average value for AD, and accept the 


previously deduced value of ~40 kcal/mole for Ea, we 


conclude that E; is approximately 70 kcal/mole. 


On the whole, a dissociation energy of a bond in a 
radical is very low if the radical is converted by the 
dissociation process into a stable molecule. For example 
D(-CHg-CH2—H) is 41 kcal/mole only, i.e., about 50 
kcal/mole less than the C—H bond dissociation in the 
parent molecule. On the other hand, the bond dissocia- 
tion energy in a radical which is stabilized by a reso- 
nance might be not much lower than the dissociation 


energy of a bond in the parent molecule. For example, 


D(CH2: CH-CH»2—H) is 78 kcal/mole while 


CHa: 
D( C—H)=65 kcal/mole." 
CH. - 


This result reflects, of course, the energy gain due to the 
resonance energy of the radical formed (i.e., allyl radi- 


cal) and its subsequent loss in the process in which the 


radical is converted into a stable molecule (i.e., allene). 
A similar situation arises in the process 


-CH:€ >-CH, — H > 
CH:<__>:CH: + H. 


The resonance energy of a xyly] radical is lost, and, on 
the other hand, the theoretical calculation of Coulson 
and his coworkers® has shown that the resonance energy 
of the quinonoid hydrocarbon I is essentially the same 
as that of a benzene molecule. Consequently, the dis- 
sociation process discussed above involves a loss of a 
benzyl radical type resonance energy and a gain of the 
energy of a second half of a double bond. The benzy] 
radical resonance energy has been estimated at about 23 
kcal/mole, the energy of a second half of a double 
bond is probably about 50 kcal/mole. Hence, the energy 
gain in the dissociation process 


-CHe:-CsH,: CH» — H—- CHe: CsH4: CHe a H 


® A. H. Sehon and M. Szwarc, Proc. Roy. Soc. (London) A202, 
263 (1950). 

'SC, A. Coulson et al., Discussions Faraday Soc. 2, 36 (1947). 

‘4M. Szwarc, Discussions Faraday Soc. 2, 39 (1947). 


is only slightly greater than that which takes place in 
the dissociation process 


CH;-CsH,y-CHe = H— CH;:C.sH,-CHo- 4 H, 
i.€., 


+ few kcal/mole. 


The high value of the activation energy E;~70 
kcal/mole, excludes the dissociation process 


CH; J C.H, . CH:;-CH:: CeHg: CH.+H (3) 


as the generator of the quinonoid hydrocarbon CH: 
CesH,: CHo. 

If only one collision in a thousand leads to the dis- 
proportionation of para-xylyl radicals, one needs at 
least 1100°K to make the rate of reaction (3) equal to 
the rate of disproportionation (this calculation is based 
on the assumption that the stationary concentrations of 
radicals is of the order 10~" moles/cc). Hence, the 
quinonoid hydrocarbon is formed by the disproportiona- 
tion reaction at temperatures not exceeding 1100°K. 

The disporportionation requires only a small activa- 
tion energy and one wonders why this reaction does not 
take place at temperature of 800°K. We propose the 
following explanation. The recombination of radicals 
seems to be generally more frequent than their dis- 
proportionation. However, at temperatures exceeding 
950°K the equilibrium for the process 


2CH;.CeH,. CH2.—(CH;. CeHy. CH2)2 


is shifted so much to the left that the recombination 
does not take place, and the disproportionation remains 
as the only effective reaction which consumes p-xylyl 
radicals. On the other hand, at temperatures below 
800°K the above discussed equilibrium is shifted suffi- 
ciently to the right, and the recombination reaction 
competes successfully with the disproportionation 
process. 

Although many of the calculations presented in this 
paper are, from necessity, of an approximate nature 
they show that all our conclusions are plausible and 
self-consistent. Moreover, they explain all the pecu- 
liarities observed in the present as well as in the past 
work. 
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Derivations of Onsager’s Reciprocal Relations 
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Two derivations of Onsager’s reciprocal relations are presented in simplified form, and the range of their 


validity is discussed. 





1. GENERAL STATEMENTS 


HERE appear to be two groups of derivations of 
Onsager’s reciprocal relations.’ In the first of 
these, it is assumed that the macroscopic laws of motion 
hold for the averages of the macroscopic coordinates 
(such as temperature gradient, concentration gradient, 
etc.) even if their values are microscopic, i.e., in the 
usual range of fluctuations.? The second group assumes 
a definite statistical law for the path representing the 
system in phase space.’ Both types of derivations will 
be reviewed briefly below. 

Common to both derivations is the concept of macro- 
scopic coordinates (1, :-+,Q, which are functions of 
the microscopic coordinates qi, --+, gv, pi, -**, Pv. The 
latter are the coordinates of the phase space I; the space 
of the former will be called y. A typical set of macro- 
scopic coordinates are the components of the tempera- 
ture gradient. This can be defined as 


and similar definitions apply to other macroscopic 
variables. 


11. Onsager, Phys. Rev. 37, 405 (1931); 38, 2265 (1931). 
These articles contain also extensive references to earlier literature. 
See also I. Prigogine, Etude Thermodynamique des Phenomenes 
Irreversibles (Editions Desoer, Liege, 1947) and S. de Groot, 
Thermodynamics of Irreversible Processes (North Holland Publish- 
ing Company, Amsterdam, 1951). For a review of the recent work 
on the subject see E. M. Montroll and M. S. Green, “Statistical 
Mechanics of Transport and Nonequilibrium Processes” (to be 
published in Annual Reviews of Physical Chemistry). 

2 For the first type of derivation, see in addition to Onsager’s 
articles, particularly R. T. Cox, Revs. Modern Phys. 22, 238 
(1950); 24, 312 (1952). This article uses quantum concepts, in 
particular the notion of the transition probability. It is assumed 
that the system changes its state by means of spontaneous quan- 
tum jumps. This assumption eliminates the induction period 
discussed in the text [after Eq. (14a)] and entails the validity of 
differential equations of the form (4a) for the macroscopic vari- 
ables. It is, therefore, not entirely clear that the reasoning con- 
tained in these articles would remain valid in all details if quantum 
mechanical concepts were used. In quantum mechanics, the prob- 
ability of a state decreases, initially, as 1—cf rather than 1—ct 
and the latter, linear, law takes over only after an induction period. 
Ideas similar to those of Cox have been put forward also by H. B. 
Callen and R. Greene, [Phys. Rev. 86, 702 (1952); 99, 1387 
(1952)], based on work by H. B. Callen and T. A. Welton [Phys. 
Rev. 83, 34 (1951) ]and by J. Jackson [Phys. Rev. 87, 471 (1952) ]. 
These papers also assume the “law of transition probabilities.” 

3 The basis of the second type of consideration seems to have 
been — by J. G. Kirkwood [J. Chem. Phys. 14, 180 (1946) ]. 
For the actual derivation see M. S. Green [Princeton dissertation 


(1951) and J. Chem. Phys. 20, 1281 (1952)] and N. Hashitzume 

[Progr. Theoret. Phys. 8, 461 (1952)]. It was developed with 

goog elegance by L. Onsager and S. Machlup [Phys. Rev. 
1, 1505, 1512 (1953)]. 
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There corresponds to every domain in y a domain in 
phase space but the ratio of the volume of the latter 
domain to that of the former is not constant. The in- 
tegral of e~#/*? over the domain in I space gives the 
unnormalized probability of the domain in y space to 
which it corresponds. This probability has a sharp 
maximum at the “equilibrium values” of the Q which 
will be assumed to be 0. Second, it will be assumed that, 
for small but macroscopic values of the Q, the entropy 
of the system can be expanded into a quadratic function 
of the Q: 


S(Q)—S(O) = —kYs*O0.= —k(Q,sQ), (1) 


in which s= (s**) is a symmetric positive definite matrix 
and Q stands for Qi, +--+, Qn. The normalized prob- 
ability of a unit volume element at Q is then given by 


P(Q)=Z—' exp(Q, —sQ). (1a) 


This is, by the connection between entropy and exten- 
sion in I’ space adopted here, the integral of e~#/*" over 
that part of I space which corresponds to the unit 
volume element at Q iny space, divided by the integral 
Z=fe"!*Tdpdq over the whole T space. Z can be 
defined also by the condition that 


f P(Q)dQ=1; Z=x-"\det s|. (1b) 
One can easily verify, furthermore, that 
2f 00PQ)d0=c (1c) 


forms the reciprocal matrix to s 
o=s7!, (1d) 


Only o will occur in subsequent work so that (1c) can 
be taken as the definition of o. The relation to the 
entropy is given, however, by (1) and (1d). 

It will be assumed, finally, that the Q contain the 
time variable only in even order, i.e., that they are 
invariant with respect to time inversion and that the 
same holds also for the whole system, i.e., its Hamil- 
tonian. Let us denote then by Ig the domain in I’ space 
which corresponds to a unit volume element at Q in v. 
Similarly, Ig, corresponds to a unit volume element 
at Q’. In proper units, the volumes of I'g and Iq are 
equal to P(Q) and P(Q’). As time flows, the systems 
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represented by the points in Ig will change. Let us de- 
note by 'g4g the part of the domain of Ig the points 
of which move, in the time interval ¢, into the domain 
Tg’. Then 


T (Q—Q’) =volume of 'g.g/volume of I'g 
=volume of I'g.g/P(Q) 


is the transition probability from Q to Q’. Since every 
point in Tg will arrive, after time /, in some T',, 


(2) 


J T.(Q—Q')dQ’=1. (2a) 


Let us consider now the domain I'g.g”* which can be 
obtained from I'g.g’ by replacing all points qi, ---, gv, 
pi; yh pn of T'9.9 by Ji, ***, YN, —pi, ais. — pn, or, 
more generally, by applying the operation of time in- 
version to 'g4g’. Clearly, the volume of T'9¢: is equal 
to the volume of I'9.g* 


volume of I'g..g:= volume of I'g.g”. (3) 


Furthermore, because of the invariance of the Q with 
respect to time inversion, I'gg” is also contained in Ig. 
We note, finally, that the points which are at time 0 in 
I'g.q’* were, at time —/, in Ig: just as the points which 
are at time 0 in I'g.g’ will be, at the time /, in Tg. In 
fact, the points which are, at time 0, in '9.g* formed, 
at time —/, the domain I'g-49. Hence, because of 
Liouville’s theorem, 


volume of 'g-g= volume of 'g.g”. (3a) 


It follows (see Fig. 1) that the volumes of '9g and of 
l'g4g are equal, or because of (2) 


P(Q)T(Q—0’) = P(Q) TQ’ Q), (3b) 


i.e., that the principle of detailed balance holds in y space. 
This conclusion is based solely on the postulate of the 
invariance of the Q and of H with respect to time in- 
version and, of course, on Liouville’s theorem and on 
the independence of H from time. 


2. ASSUMPTION OF THE MICROSCOPIC VALIDITY, 
ON THE AVERAGE, OF THE MACROSCOPIC 
EQUATIONS 


It is in conformity with the idea of a relaxation phe- 
nomenon to demand, at least for macroscopic values of 
the Q, that the average values of the Q, at time #, be 
linear functions of the initial values 


f T(Q0')0/dQ’=Le(t) "Or. (4) 


In fact, from a purely macroscopic point of view, one 
would expect (4) to hold even for infinitely short times, 
1.e., one would expect equations of the form 


(d/dt)Q;(t)= —ClineQe (4a) 


to be valid. This would not be consistent, however, 
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with the microscopic point of view; in fact, because of 
the invariance of the Q with respect to time inversion, 
the average of each dQ/dt over I'g vanishes. However, 
the integrated form (4) of (4a) can be expected to be 
valid after a certain induction period. This induction 
period ¢ is so long that dQ/di already undergoes sub- 
stantial changes during this period, i.e., |d?Q/dé*|t is, 
for most points of 'g, much larger than |dQ/dt|. We 
shall use, below, only the integrated form (4). 
However, the integrated form will be assumed to be 
valid for all, even microscopically small Q. The re- 
ciprocal relations then follow at once: multiplication of 
(4) with P(Q)Q, and integration yields, because of (1c), 


f f P(Q)T(Q0')0.0/dQdQ’ = 3 Eel) tour. (5) 


One sees by means of (3b) that the left side is sym- 
metric in / and 7, 


f [r@rioeroeraoay 
a f f P(Q’)T:(Q'0)0,0/4040’ 
=f fP@rioane.eraoad. 


The last part follows by interchanging the variables Q 
and Q’. It follows that the matrix eo is symmetric 


es=(ec)’=ce or oec=e’. (5a) 


The last form shows that (5a) holds also if any function 
of € is substituted for €; (5a) embodies the reciprocal 
relations. Because of ¢=s~', one can write it also in 


the form 
se= e's= (se)’. (5b) 
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It was first noted by Casimir‘ that the validity of the 
assumption, that (4) holds even for very small Q, is very 
difficult to assess. In fact, the significance of (4) for 
such values of Q as are assumed in the course of ordi- 
nary fluctuations, is quite different from the macro- 
scopic case. In the latter case, the 7;(Q—Q’), as 
function of Q’, has a rather sharp maximum, the width 
of which is much smaller than its distance from the 
point Q’=0. If the Q are microscopic to begin with, 
most of the systems represented by Ig will have gone 
through all the planes Q,;’=0 several times during the 
time interval /; after the time / the system will have only 
a rather faint memory of its initial state Q. It is not 
at all clear that this memory should be subject to the 
same macroscopic laws which govern the values of the 
Q in the macroscopic case. In the macroscopic case the 
value of the macroscopic variables at time ¢ is given by 
the right side of (4) for practically all systems repre- 
sented by the points of Ig. 

The above point can be illustrated on the example of 
the stopping of a macroscopic particle by the viscosity 
of the medium in which it is moving. If the velocity of 
the particle is many times in excess of the equilibrium 
average value, a Stokes’ flow will establish itself around 
it. The energy loss will be determined by the properties 
of this flow. On the other hand, if the energy is of the 
order kT, it is very likely that the atoms around it will 
not assume any ordered motion. One must recall that, 
in thermal equilibrium, there are no correlations be- 
tween the velocities of any particles: e~”/*7 is, as far 
as the velocities are concerned, a product of functions, 
each depending on one velocity only. Hence, on the 
average, there is no Stokes’ flow; an ordered motion of 
the gas is contingent on the macroscopic body having 
moved, some time before the observation, with an 
even higher than its velocity at the time of observation. 

The reader interested in mathematical implications 
may note that, according to (3b), 


K(Q,Q’)= P(Q)'T.(Q0") P(Q’)! 


is the kernel of a symmetric operator in the real Hilbert 
space of square integrable functions of the Qi, «++, Qn. 
The normalization property (2a) (which was not used 
in the above derivation) then expresses the fact that 
P(Q)} is a characteristic function of K with character- 
istic value 1. The macroscopic equations (4) show that 
the subspace of the functions Q;P(Q)! is invariant 
under K. 


(5c) 


3. MOTION OF THE SYSTEM CAN BE REPRESENTED 
AS A BROWNIAN MOTION IN THE SPACE OF 
THE MACROSCOPIC VARIABLES 


A rather different and very suggestive derivation of 
the reciprocal relations* is based on the explicit assump- 
tion that the point representing the state of the system 
in y space performs a Brownian motion. More specifi- 


*H. B. G. Casimir, Revs. Modern Phys. 17, 343 (1945). 


P 
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cally, it is assumed that 


T(Q—0’) 


=C exp— {(Q,aQ)+2(Q’,6Q)+ (Q’,vO)}. (6) 


The matrices a and y are symmetric. They, as well as 6, 
depend on ¢. The normalization condition (2a) can be: 


satisfied only if a=6’y—'8. Hence, writing «= —y~'8, 
one obtains 


T(Q—Q’) =C exp— (Q’—Q, y(Q’—«Q)). 


(6a) 


This shows that y must be positive definite. One sees. 


that the most probable value of the Q’ after the time /, 
as well as their average value, is given by Q’=<«Q. 
Hence, ¢ plays the same role in the present derivation 
as it did in the preceding section. 

Clearly, (6a) constitutes a particularly simple as- 
sumption for 7; which entails, furthermore, the validity 
of (4). Hence, the reciprocal relations will surely follow 
from (6a) and (3b), if (6a) is assumed to be valid for all 
Q. However, and this is the point of the present con- 
sideration (in addition to the suggestive nature of the 
picture which it presents), it will be necessary to assume 
(6a) only for macroscopic Q. Instead, the form (la) 
will be explicitly assumed for P(Q). One may recall, 
however, that (1a), as well as (3b), followed from the 
general principles of statistical mechanics. 

Inserting therefore (1a) and (6a) into (3b), one 
obtains 


exp— {(Q,sQ)+ (Q’—«Q,7(Q’—Q))} 
=exp— {(Q’,sQ’)+ (Q—«Q’,7(Q—«Q’))}. 


One has to assume the validity of this equation only 
for a few different values Q, Q’, to conclude that 


(6b) 


steévye=y &y=vV¥e. (7) 
Inserting the second equation into the first one gives 
stye’=y or 

y=s(1—e)"!, (7a) 
and substitution of this into the second one 


é's(1—e&)'=s(1—e)"e. (7b) 


Since 1—e® and € commute, this is equivalent to (5b), 
i.e., the reciprocal relations. 

It might appear from the above that the assumption 
(6) is used only in a very mild form. This is indeed true 
as far as the necessity is concerned to use (6) for Q 
which are close to equilibrium: It is not necessary to 
use (6) for such Q. However, at least one of the pairs 
Q—0’ or Q’—9Q in (7) is such that the corresponding 
transition probability is extremely small. The assump- 
tion that (6) can be used in such a case is a rather 
stringent one. 

Again, the reader may be interested to note the con- 
sequences of the Markoffian nature of the process, i.¢., 
the consequences of the condition that Ty41(Q—-Q”’) is 
the integral, over dQ’, of T,(Q-Q’)7,-(Q’Q”). This 
condition gives two equations for the matrices ¢(/) and 
y(t) which occur in (6a). The first of these is obtained 
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most easily by means of (4) which is valid also in this 
case 


e(t+/’') =e(t’)e(?). (8) 
It follows from this that 
e(J=e (8a) 


where / is a positive definite matrix. The condition for 


reads 
y(ttl)=y(1)“'+ ey (Oe (¢). (9) 


This is satisfied by the y given by (7a) 
y() = (1-e" 4a, (9a) 


if the reciprocal relations (5a) are assumed to hold. 
Both / and o are independent of ¢. However, (9a) is not 
a consequence of (9) but follows from it only if (3b), 
(1a) and (1d) are also assumed to be valid. Actually, as 
was explained after (4a), none of the equations (8) or 
(9) holds for very small /. 


It might appear from the above discussion that both 
derivations of Onsager’s relations assume additional 
conditions which are hard to justify rigorously. Ac- 
tually, as was pointed out by Casimir‘ (and in a par- 
ticular case already by Onsager)', there are cases in 
which the deviation from the equilibrium decays ex- 
ponentially even after it has become so small that it is 
in the normal range of fluctuations. According to 
Casimir, this will always be the case for processes which 
can be described by means of Boltzmann’s distribution 
function f(x,y,2,p.,Py,p2; !) in the space of the variables 
of single atoms and if the deviation of f from the equi- 
librium f is sufficiently small at every point of this space 
to justify the usual linear approximation. In such a case, 
the first derivation':? is fully justified. No similar argu- 
ment can be made on the basis of considerations in T 
space, because the deviation from the equilibrium dis- 
tribution in T° space is large for all nonequilibrium 
systems. 
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Structure of a Steady-State Plane Detonation Wave with Finite Reaction Rate 
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An analytical elaboration of von Neumann’s model of the detonation wave is presented. A hydrodynamic 
argument for the well-known Chapman-Jouguet condition is advanced, and the sound speed to be used 
therein is identified as that obtained with frozen chemical equilibrium, in agreement with a recent result 
of Brinkley and Richardson. Possible situations in which the classical Chapman-Jouguet hypothesis might 


be incorrect are very briefly discussed. 


I 


HE propagation of a plane detonation wave 
through a semi-infinite explosive medium has 
been discussed theoretically by a number of investi- 
gators,'-” beginning with Chapman! and Jouguet.’ 





'D. L. Chapman, Phil. Mag. 47, 90 (1889). 

* E. Jouguet, Compt. rend. 132, 573 (190); 144, 415 (1907). 

‘ R. Becker, Z. Elektrochem. 23, 40, 304 (1917) ; Z. Physik 8, 321 
(1922). 

'W. Jost, Z. Elektrochem. 41, 183 (1935); Z. physik. Chem. 
12, 136 (1939). 
*R. L. Scorah, J. Chem. Phys. 3, 425 (1935). 

pa B. Zeldovitch, J. Exptl. Theoret. Phys. (USSR) 10, 542 

( )). 
7J. von Neumann, OSRD 549 (1942); see also W. Doering, 
Ann. Physik 43, 421 (1943). 

wa Powell, Duffy, and Parlin, Chem. Revs. 45, 69 
( ). 

*S. R. Brinkley, Jr. and J. G. Kirkwood, Third Symposium on 
Combustion, Flame, and Explosion Phenomena (Williams and 
Wilkins Company, Baltimore, 1949), p. 586. 

*S. R. Brinkley, Jr. and J. M. Richardson, Fourth Symposium 

(International) on Combustion (Williams and Wilkins Company, 
Baltimore, 1953), p. 450. 


The central problem is the selection of a unique deto- 
nation process from a one-dimensional continuum of, 
processes all of which satisfy the usual conservatio?. 
laws for mass, momentum, and energy. The rule by 
which this selection is made is known as the Chapman- 
Jouguet (denoted in the following by C-J) hypothesis, 
after these early investigators. The chemical reaction 
responsible for the detonation process has been treated 
as an instantaneous transformation in many of these 
discussions.'~*-*"" In particular, Brinkley and Kirkwood 
have studied the stability of the C-J detonation under 
this assumption. 

Chemical reaction rates are of course finite, and as a 
consequence the region in which the chemical trans- 
formation takes place must be of nonvanishing dimen- 


1 R. Courant and K. O. Friedrichs, Supersonic Flow and Shock 
Waves (Interscience Publishers, Inc., New York), p. 204. 

2 Curtiss, Hirschfelder, and Campbell, The Theory of Flame 
Propagation and Detonation, CM-690, University of Wisconsin 
(1952). 
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sions. Certain well-known properties of detonation 
waves in finite geometry afford experimental verification 
of this, and in fact considerable interest is attached to 
the determination of such parameters as the reaction 
time, etc. The classical paper in the discussion of the 
influence of finite reaction rates on the detonation 
process is that of von Neumann.’ The present work is 
essentially an analytical elaboration of his geometrical 
discussion, which we hope will clarify several points. 
Brinkley and Richardson” have also recently con- 
sidered this question, and our Sec. IV is similar in 
certain respects to their work. 


II 


Our model is that of a fluid undergoing one-dimen- 
sional, compressible, nondissipative, adiabatic, reactive 
flow.* Shocks are treated as mathematical jump dis- 
continuities in certain of the hydrodynamic-thermo- 
dynamic variables. Among the variables specifying the 
state of the system are certain composition variables 
d’, j=1,2,---r, corresponding to certain independent 
chemical reactions, r in number, involving the ” com- 
ponents of the fluid, which reactions are denoted by 


Y vaiXa=0, j=1,2,---r. (1) 


a=] 


The vy,’ are stoichiometric coefficients, positive for 
products, negative for reactants, and so chosen that 
(1) expresses the transformation of unit mass of re- 
actants to products; X, denotes unit mass of com- 
ponent a. The i? are progress variables, specifying the 
increase in mass of the various components within a 
fluid element of total mass m due to the r chemical 
reactions: 


dmag=m >> vaidd’, a=1,2,---n. (2) 


f= 


We assume throughout this discussion the existence of 
Veal thermodynamic quasi-equilibrium, such as to 
permit the definition of local temperature, etc., and to 
permit the assumption that the various thermodynamic 
quantities may be regarded as functions of a suitable 
set of independent thermodynamic variables. We also 
suppose the Lagrangian time derivatives of the progress 
variables to be given by 


dyi/dt=r;, (3a) 
j=1,2,-+>7, (3b) 


ri=ri—ry!, 

where r;? and r,’ are chemical rate functions for the 

forward and back directions of reaction 7, given as 
functions of the local thermodynamic state. 

In the regions of space-time in which shocks are ab- 

sent the flow is governed under our assumptions by the 


*See reference 12 for a discussion in which dissipative and 
diffusion processes are considered. 
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usual hydrodynamic equations 


dp ou 
—+p—=0, (4a) 
dt ox 
du op 
—+r7—=0, (4b) 
dt 0x 
dE dv . 
——f- GQ, 4c) 
at 
d @ 0 
—m—-+-9—, (4d) 
dt ot ox 


) (=) ) ( i) 

at \atl, ax J ; 
We use p to denote matter density ; « the mass velocity 
in a coordinate system with x as space variable, / as 
time variable; p the fluid pressure; v the specific volume 
equal to 1/p; £ the specific internal energy, assumed to 
be a known function of the local thermodynamic state, 
say the variables \, p, S, where X denotes the set of 
variables \/; S the specific entropy. The equation of 
state is also assumed, giving p as a function of A, p, 
and S. 

From the alternative form of the first law 





dE dS dv 1 s dm. 
ee T—— p—+— a Me ’ (5 
dt dt dt m dt 


in which yu denotes the specific chemical potential, we 
obtain the entropy transport due to chemical reaction: 


dS A’F dy? 
an jm, (6) 
dt T dt 

AiF=)° valite. (6b) 


Corresponding to the classical Riemann analysis of 
the hydrodynamic equations in the nonreactive case, 
we now utilize the equation of state, and the entropy 
transport equation as well, to establish the relation 
between the substantive derivatives of p, p, and X. 
The usual rule for differentiation gives 


dp dp\ dp ap, aS dp\ di. 
(2) 24(2) Sin(t) 0 
dt \ap/s,dt \aS/,, dt anil s,, dt 


With the definitions 
co’ = (0p/9p) s,r, (8a) 
Bo= (42/8T) pa, (8b) 
Cp’ = (0H/0T)p». (8c) 
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STRUCTURE OF A STEADY-STATE PLANE DETONATION WAVE 


we obtain after some manipulation the relation 





dp 1dp dy! 
= — pF jo, (9) 
dt cy dt dt 
where 
pBo cp 1 / op 
vix(aiv—an)-—(—) 
Cp? \ Bo pce \ ONT B, 
pBo f OE 
Cp \OdN*7 » + 
a omH 
MiH=YDa rift. (=) (10b) 
On? T.p 
Omv 
Atv=) 2 rata ( ‘) : (10c) 
On? T.p 


Here H denotes the specific enthalpy, H, and Va, 
respectively, the usual thermodynamic partial specific 
enthalpy and volume of component a. It will be noted 
that the quantities co, Bo, and c,° are the sound speed, 
volume expansion coefficient, and constant pressure 
heat capacity evaluated with the composition frozen 
at its instantaneous value. The parameters oa’ are 
thermodynamic variables which, as we shall see, de- 
termine in conjunction with the rate functions r’ the 
explosive behavior of the medium. 

Use of (9) permits the elimination of the derivatives 
of the density from the hydrodynamic equations: 


Ou i1dp i 
p—+— —=p)_; of/, (11a) 
Ox Co" dt 
du Op 
p—t+—=0, (11b) 
dt dx 
dd? 
—=ri, j=1---r. (11c) 
dt 


. We note that these equations are similar to the well- 


known equations for nonreactive flow, the frozen sound 
speed appearing in the expected place, but with a non- 
vanishing right-hand side in the first equation. We also 
note that when our reactive system is at chemical equi- 
librium, the right-hand side vanishes, since r7 becomes 
zero when the forward and backward rates become 
equal. The appearance of the frozen sound speed is of 
some interest. 

The differential Eqs. (11) hold in regions of the flow 
which are free from shocks. Treating the latter as 
mathematical discontinuities, they are governed by 
the well-known Rankine-Hugoniot conditions, 


p2(U—u2)=p,(U—m), 
po— pi=pi(U— 1) (u2.— 1), 
Eo— E\=3 (pot pi) (2-01), 


(12a) 
(12b) 
(12c) 
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in which U denotes the shock velocity, and the other 
symbols have their usual meaning with the subscripts 
distinguishing the values on the two sides of the shock. 
These relations across discontinuities, and the differen- 
tial equations in regions free from them, supplemented 
by suitable boundary conditions, determine the flow of 
our one-dimensional, reactive fluid. 

We now apply them to the propagation of a steady- 
state plane detonation wave through a semi-infinite 
explosive medium in a direction perpendicular to the 
plane surface. We suppose the detonation to have been 
initiated at this surface at zero time, and suppose the 
boundary condition at this rear surface to be imposed 
by a prescribed motion of an infinite piston (see, e.g., 
references 7 and 11). We will consider only the steady- 
state detonation assumed to be approached eventually, 
at least for some modes of initiation. Here we adopt the 
model of the detonation wave used by von Neumann, 
in which the reaction is initiated by a shock wave in 
the unreacted medium preceding the reaction zone. 
(The reaction rates r/ are assumed to vanish in the 
medium in front of the shock wave.) We denote by D 
the velocity at which this shock propagates along the 
« axis (taken as perpendicular to the rear surface and 
pointing into the explosive), the unreacted, unshocked 
medium being stationary in this coordinate system. 
During the approach to steady state, D may depend 
on /, but is assumed to approach a constant value as ¢ 
increases. In addition to this assumption, the notion of a 
steady state also includes the supposition that there 
exists immediately following the shock a region of 
constant length in which the various hydrodynamic 
variables are independent of time when viewed from a 
coordinate system moving with the velocity D. This 
steady zone is followed by a flow region whose char- 
acter is determined by the rear boundary condition. 
In certain simplified cases it may have approximately 
the form of a centered-rarefaction wave, reducing the 
pressure and mass velocity from their values at the 
boundary between this region and the steady zone to 
their values at the rear surface. We now proceed to 
discuss these two flow regions separately, beginning 
with the steady zone. 


Ill 


We introduce the moving coordinate system men- 
tioned above. For convenience we take as space variable 
the distance measured backwards from the shock front. 
The transformation is 


t= f D(t')dt'—«, 
0 


(13) 
t=t. 


With this change of independent variable the differen- 
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tial Eqs. (11) become 


—pco'ur+ (D—u)pet+ pr=peo Vija'r', (14a) 
p(D—1)uz— pr+pu,=0, (14b) 
(D—u)r\?+A/=r', j7=1,2---7, (14c) 


Ou Ou 
p= (~) ,etc.; m= (=) , ete. 
OE? Ot / : 


Solving the first two equations for uz and p:, we obtain 


| 1 


m D-u 
ue= —— ed OO ye —— , (15a) 
nt pce co 





if 1 
p= —-- p(D=1)( Erp.) pu} (15b) 


pCo 
(15c) 


If we assume a region of steady-state behavior, the time 
derivatives vanish, and the equations reduce to 


1 
uze=——) j0'r!, (16a) 
n 
p(D—u) . 
p= ————_ )._ ; o'r, (16b) 
n 
1 ° 
\yi=—7), j=1--or (16c) 
D—u 


It is easily seen from these equations that the state 
variables in the steady zone satisfy the Rankine- 
Hugoniot relations (12), with states 1 and 2 being any 
points in the steady zone. Since the steady zone point 
just to the rear of the shock is connected to the medium 
ahead by these same relations it is clear that we may 
write 


p(D—1u)=poD, (17a) 
p— po=poDu, (17b) 
E— Ey=3(p+ po) (v0—2) ; (17c) 


the zero subscripts denote values of the quantities in 
the medium ahead; unsubscripted quantities are at any 
point in the steady zone. Equations (17), coupled with 
any one of the differential Eqs. (16), determine the 
state variables as functions of the distance behind the 
leading shock, for any assumed value of D. The latter 
is not yet determined. 

We note that we will encounter difficulty in inte- 
grating (16a) or (16b) if » becomes zero. Since the flow 
back of a plane shock relative to the shock front is 
always subsonic, 7 will be positive at §=0. 
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IV ° 


Corresponding to the classical Riemann analysis for 
the case of nonreactive flow, we anticipate that, for 
piston motions opposite in direction to that of the 
motion of the detonation wave, there will be a rare- 
faction wave of nonsteady character reducing the pres- 
sure from its value at the end of the steady zone to a 
lower value, possibly zero, at the piston surface. Con- 
sequently we devote this section to a brief discussion of 
the characteristic curves of the set of differential 
Eqs. (11). Without reproducing all the steps, we state 
the results as follows. The set of Eqs. (11) is always 
hyperbolic. The characteristics in the x—/ plane, r+2 in 
number, are given by the following equations: 


(dx/dt) p41, r42= UC, 


(dx/dt) ;=u, 


(18a) 
(18b) 


j=1,2+ + +r. 
The first two characteristics may be thought of as 
giving the paths of “sound waves” through a given 
point in the x—/ plane. The other characteristics are 
degenerate, all coinciding with the streamline through 
the point. 

These results are similar to the well-known results for 
nonreactive flow, co appearing in the place of the 
ordinary nonreactive sound speed. There is, however, 
an important difference ; Eqs. (11) are not homogeneous, 
and therefore not reducible, contrary to the case with 
the nonreactive equations. Thus part of the usual 
theory of hyperbolic flow fails to carry over into the 
reactive case. However, certain general properties of 
hyperbolic equations remain, among them the follow- 
ing: the boundary between two space-time regions in which 
the flows are of different type (for example, a region in 
which the flow is steady adjacent to a region in which the 
flow is nonsteady) must be a characteristic. In the next 
section we make an important application of this 
principle. 


Vv 


We now proceed to draw certain conclusions con- 
cerning the detonation process from the analyses of the 
preceding two sections. As noted at the end of the last 
section, the boundary between our steady region and 
the succeeding flow must be a characteristic curve, 
assuming that the differential equations remain valid 
across the boundary—i.e., assuming the boundary is 
not a shock. It then follows that the flow variables are 
continuous (not necessarily their derivatives); hence 
the flow variables are constant along the boundary, and 
it follows from 18) that the boundary characteristic 
is straight. Since it is clear that it cannot be a stream- 
line, and since in our coordinate system the wave is 
forward facing, it must be a u+¢po characteristic. Still 
further, in order for the x dimension of the steady zone 
to be constant in time, it is necessary that the slope of 
this characteristic in the x—/ plane be the same as 
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STRUCTURE OF A STEADY-STATE 


that of the leading shock locus. We obtain as a neces- 
sary condition at the end of the steady zone 


D=u+e, (19) 


a result which has also been obtained by Brinkley and 
Richardson.” 

Returning to relations (16) for the steady zone, we 
note that the preceding result makes n, the denominator 
of the expressions for uw; and f:, vanish. In order to 
avoid singularities in these space derivatives the 
numerators must also vanish, which requires as an 
additional condition at the end of the steady zone 


Yj o*ri=0. (20) 


These two equations, (19) and (20) may be taken as a 
generalized statement of the C-J condition. That the 
indeterminacy of (16) is as it should be is readily ap- 
preciated from the fact that (16) holds for the space 
derivatives in both directions at the end of the steady 
zone. The indeterminacy thus permits these derivatives 
to be discontinuous at the end of the steady zone, and 
in particular allows the derivatives on the nonsteady 
side to be time dependent. 

Clearly (20) is satisfied if all the rate functions 
vanish, 


ri=0, j=l, o'r, (21) 


corresponding to instantaneous chemical equilibrium. 
This, coupled with (19) corresponds to von Neumann’s 
normal C-J condition. It is the one in common use; see, 
eg., Lewis and Friauf,!® papers by Kistiakowsky and 
co-workers. We note that (17), (19), and (21), with 
the equation of state taken as E= E(X,f,v), constitute 
r+4 equations for the r+4 unknowns D, p, v, u, and X. 
Thus we may expect to be able to solve them for D 
and the state variables at the end of the steady zone. 
Of course, in actual practice, rather than (21) one uses 
the ordinary relations for chemical equilibrium 


pan Va'ba=O0, j= 1,2- dies (22) 


It is also possible for >° ; ¢’r? to vanish with some or 
all r? nonvanishing, due to some of the o/ becoming 
negative (or conceivably some of the r’); this corre- 





'S B. Lewis and J. B. Friauf, J. Am. Chem. Soc. 52, 3905 (1930). 

' Kistiakowsky, Knight, and Malin, J. Chem. Phys. 20, 884 
(1952) ; other papers by Kistiakowsky and co-workers. 

t It may be noted that the C-J condition used by these investi- 
gators actually implies the use of co, although it has apparently 
been regarded as an approximation to a sound speed defined by 
a=0. 
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sponds to von Neumann’s pathological case. In this 
case we obtain a sufficient number of equations to de- 
termine D and the C-J values of the state variables 


by eliminating £ from (16c), obtaining r—1 equations 
ddM/dM=ri/r,  7=2,3+++7. (23) 


These may be integrated by use of the initial conditions 
at the shock front; with (17), (23), (19), and (20) we 
then obtain r+4 equations. In general, such a calcula- 
tion requires explicit knowledge of the rate functions 
r?, in addition to the usual thermodynamic data; this 
is to be contrasted with the normal case, where the 
latter information suffices. There might even be multiple 
zeros of )vo’r’, in which case the C-J condition is 
ambiguous. 

For the special case of a single reaction the analysis 
can be carried a little further: the particular case in 
which o might become negative while 7 is positive, 
o thereafter remaining negative, so that the C-J point 
would have to correspond to r=0, can be eliminated. 
It is possible to show under reasonable assumptions 
concerning the finiteness of certain thermodynamic 
variables, that it is impossible for 7 to vanish under 
these conditions. 

Also, for the case of a single reaction, the relation of 
our treatment to von Neumann’s discussion of the 
pathological case, in terms of the envelope to the family 
of partial Hugoniot curves with parameter A, is readily 
seen from the third of the equivalent expressions for 
a given in (10a). In this case also, the calculation of 
detonation velocity can be performed in the patho- 
logical case in the absence of detailed knowledge of the 
rate function, since (20) reduces to «=0, which is a 
purely thermodynamic relation. It is, of course, neces- 
sary to know what reaction is involved. 

No example of a pathological detonation is deti- 
nitely known. From (10a) it is clear that a negative o 
requires either a volume decrement or an endothermic 
reaction under the local conditions. Thus the possibility 
of pathological behavior may arise, for instance, in 
gaseous detonations not too strongly exothermic in- 
volving an over-all mole decrement, or in detonations 
in which an exothermic reaction is succeeded by an 
endothermic one, possibly involving a mole decrement. 
In condensed explosives the situation is considerably 
obscured by uncertainties in our present knowledge of 
equations of state, not to mention kinetics. A possible 
example might occur in the case of aluminized ex- 
plosives. 
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The limiting slope of the detonation velocity-wave front curvature locus for small velocity deficits is ob- 
tained under an assumption concerning the “‘reaction zone length” as related to the charge diameter and the 
radius of curvature of the wave front. The model is an extension to two dimensions of von Neumann’s classi- 


cal theory of the plane wave detonation. 





I 


HE relationship between the velocity with which a 

detonation wave propagates axially along a 
cylindrical charge and the finite radius of the charge 
has been studied theoretically by Eyring, Powell, 
Duffey, and Parlin! and by Jones.” Our objective in the 
present work is somewhat different, namely, to give 
an account of the relation between velocity and radius 
of curvature of the wave front, rather than the charge 
radius. It happens that it is possible to derive such a 
relation under considerably more straightforward 
assumptions than have been needed by the investiga- 
tors mentioned. The theory of Eyring ef al. is commonly 
called the curved front theory; the present work is 
closely related to it in many of its details, although the 
basic model, as well as the objective, is considerably 
different. In the following we will use certain results 
from the preceding paper on the structure of the steady- 


state plane detonation wave, which we shall abbreviate 
as SSPD. 


II 


Our model is once again a compressible, nondissipa- 
tive, adiabatic, reactive medium into which a detona- 
tion wave is propagating in steady state. Here, how- 
ever, the medium is a cylinder of indefinite length but 
finite radius. We introduce a system of cylindrical co- 
ordinates with z-axis along the charge axis in the direc- 
tion of propagation, and with r denoting the radial 
distance from this axis. The origin of z is conveniently 
taken as the position of the intersection of the wave 
front and z axis at time ‘=0. We assume cylindrical 
symmetry throughout, so that none of the variables 
depend on azimuthal angle, and all velocities lie in 
planes containing the z-axis. Under these conditions 
the equations of hydrodynamics, including the first 


1 Eyring, Powell, Duffey, and Parlin, Chem. Revs. 45, 69 
(1949); see also Parlin, Thorne, and Robinson, Tech. Report 
No. 1, Institute for the Study of Rate Processes, University of 
Utah, Salt Lake City, Utah. 

2H. Jones, Proc. Roy. Soc. (London) A189, 415 (1947). _ 
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law and the reaction rate law, become 


dp Ou dw w 
~+0(—+—) +p-=0, (1a) 
dt dz Or r 
du op 
—=0, (1b) 
dt dz 
dw dp 
o—+—=0, (Ic) 
dt or 
dE dv " td) 
—+p—-= ’ ( 
dt dt 
dy 
—=R, (le) 
dt 


and 


d a re) ) 
—=—+u—+u-—. (1f) 
dt ot O02 OF 


The notation is the same as in SSPD, except that 
now denotes the axial component of mass velocity, # 
the radial component, and R the rate function. For 
simplicity in notation we consider here the case of a 
single reaction; there is no difficulty in extending the 
argument to the case of several reactions. 

As in SSPD we suppose the reaction zone to be pre- 
ceded by a (curved) shock, across which we apply the 
(vector) Rankine-Hugoniot conditions. We assume the 
medium ahead of the detonation front to be at rest. 
With D denoting the detonation velocity along the 
z-axis, U the vector mass velocity at any point on the 
back side of the shock, n the unit normal to the shock 
at the same point drawn in the forward direction, | any 
unit vector perpendicular to n, variables behind the 
shock by unsubscripted symbols, and zero subscripts 
for values in the medium ahead of the shock, the 
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Rankine-Hugoniot conditions are 


p(D— U)-n=p,D-n, (2a) 
(p— po)/(vo— 2) = po’D®, (2b) 
E— Ex= 2 (p+ po) (vo—2), (2c) 
U-I=0, (2d) 
and 
A=0. (2e) 


For any assumed initial shape and velocity for the 
leading shock, the preceding equations determine the 
state immediately behind the shock. Thereafter the 
differential equations (1), coupled with the jump condi- 
tions determine the flow, which would not be steady in 
general. Our next step is to ascertain what shock front 
shapes and detonation velocities are compatible with 
the steady-state assumption. According to the latter, 
the flow region immediately behind the shock should be 
steady when viewed from a coordinate system moving 
with velocity D. Introducing such a coordinate system 
by the transformation 


t= Dt—-s, (3) 
£ being the axial distance measured backwards from the 


shock, and putting derivatives with respect to / at 
constant £ and r equal to zero, we obtain 


(D— u)p:—pu:+wp,+p(w,+w/r) =0, (4a) 
p(D—u)uz— p:+pwu,=0, (4b) 
p(D— u)w:+ Pr+pww:=0, (4c) 

dE dv 
dl dt 
dy 
—=R, (4e) 
dt 
and 
d 0 0 
—= (D—u)—+u-—, (4f) 
dt 0& Or 


Ou Ou 
ur= (—) , 4-= (—) , etc. 
0g r or £ 


To eliminate the derivatives of p from these equa- 
Uons we use Eq. (9) from SSPD, 


—~ th aa, (5) 
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where the thermodynamic parameter o@ is defined in 
SSPD, Eqs. (10a). Use of (5) in (4) then gives 


— pco’ur+ (D—Uu) pz= per’ ¢, (6a) 
Ww 
g=oR—w,———p,—w/r, (6b) 
plo” 
p(D—1u)uz— pr= — pwtt,, (6c) 
(D—1u)a,~+ww,= — (1/p)p,, (6d) 
(D—u)dAz+or,=R, (6e) 
and 
(D—1u)(E:+ poz) +w(E,+ pr,) =0. (6f) 


III 


The explicit solution of the set of partial differential 
equations (6) would be an extremely difficult task. 
Here we follow a different procedure, and begin by 
specializing them to the axis.* From obvious conditions 
of symmetry the radial component of velocity w 
vanishes on the axis: 


w(t, r=0)=0, (7a)* 
u(é,0) = U (é,0). (7b)* 

Equations (6) specialized to the axis give 
—peeU;+ (D—U)p¢=per(¢R—2w,), — (8a)* 
p(D—U)U;:— p:=0, (8b)* 
p,=0, (8c)* 
(D—U)d:=R, (8d)* 

and 

E:+ pr: =0, (8e)* 


where all variables are to be evaluated at any & with 
r=(. Solving (8a) and (8b) as linear equations for 
and p; we obtain 


1 
uzy= ——(cR—2y,), 


(9a)* 
n 
p(D—U) 
pe= —-——_(cR— 2w,), (9b)* 
and z 
n=1—(D—U)?/c°. (9c) 


Since the flow behind a shock propagating in the direc- 
tion normal to itself is subsonic (the curved shock in 
question clearly satisfying this condition because of 
symmetry), it is clear that »(=0, r=0)>0. Further- 
more, it is clear that in steady state the flow behind the 
shock must be similar to that of Prandtl-Meyer steady 
state expansion, in which the flow becomes supersonic 
(see reference 2). Consequently we expect 7 to vanish 
at some point in the steady zone, and therefore the 


*In the following we designate equations valid only on the 
axis with an asterisk. 
















1922 Ww. W. 
numerators in (9a) and (9b) must vanish at the same 
point. Thus we obtain a generalized ‘Chapman- 
Jouguet condition” for detonation in a finite stick: 


D=U-+6o, (10a)* 
oR—2w,=0. (10b)* 


This result is similar to that of Eyring ef al., Eq. B-12, 
which is attributed by them to Devonshire.* Equation 
(10b) may be interpreted as relating the degree of 
reaction at the sonic point to the radial flow divergence 
at this point. 

In the plane wave theory, the Rankine-Hugoniot 
relations are integrals of the differential equations of 
steady-state motion. We now proceed to derive an- 
analogous relations for the steady zone of the present 
theory, where, however, the flow divergence introduces 
certain correction terms. 

For this purpose we return to Eq. (4a), and, special- 
izing it to the axis, we obtain 


(D—U)py— pU r= — 2pw,. 


This may be integrated immediately with use of the 
Rankine-Hugoniot condition (2a) at =0 to give 


(11)* 








p U 
*(1-—)=1-2108, (12a)* 
po D 
E o(t’) w,(¢’ 
L(t)= f ee ele) rapye 
0 Po D 


It will be noted immediately that this is the usual 
plane wave relation for mass conservation with the 
divergence perturbation given by (12b) added. 
In a similar way (8b) may be integrated with use of 
U(&') \ a(é’) w,(&’) 


(12a) and (2b) to givet 
t 

p=wbu\1-2 f (1-——)P —~at'| (13)* 
0 U(t)7 po D 


With neglect of terms in w,’, this may be reduced to 


p= poD?(1—2/r0) 





v/v p 
x{r+2—-(21-"0@ J}, say" 
1—v/0 Po 
E wy (£" 
a= f =< Met (14b) 
0 


We again obtain a plane wave relation with added 
perturbation. In similar fashion, Eq. (4d), specialized 
to steady-state flow on the axis, may be integrated to 


E— Ey—3p(vo—1) 2 
=D (1+2/29)2(8)—2=L (8) » (15)* 
vo 





3 A. F. Devonshire, Theoretical Research Report No. 3/43. 
t We have neglected fo in the customary fashion. 
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again with neglect of terms in w,’. With the equation of 
state, (10a), (10b), (12a), (14a), and (15) constitute a 
sufficient number of equations to determine D and also 
the axial values of p, U, p, and \ throughout the steady 
zone, providing we are able to determine w,(£). In the 
following we designate the C-J point by = *, which is 


determined by 
* D— U(X’) 
=f ————d)’ 
0 


(16)* 
R(r’) 


obtained from (8d). 
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In order to determine w,(£) we first return to (6d), 
differentiate it with respect to r, and then specialize to 
the axis, obtaining 


Ow, 


(D—U)—+w,2= —»p,,. (17)* 
dé 


With neglect of w,? and use of (12a), this may be in- 
tegrated to give 


1 gE 
w(8)=0(0)-— fo prlt)d'. (18) 
poD Yo 


The value of w, at =0 can be obtained from the 
Rankine-Hugoniot conditions in terms of the radius 
of curvature S of the shock front at its intersection 
with the axis: 

(19)* 


w,(0)=U(0)/S. 


It remains to estimate p,,(€). For this purpose we 
introduce an assumption concerning the geometry of 
the reaction zone. We assume the plane ¢= &* intersects 
the shock front in the explosive, and that the portion 
of the shock front for £<é* can be adequately repre- 
sented by a sphere of radius S; i.e., we neglect the varia- 
tion of radius of curvature over this part of the shock 
wave; see Fig. 1. Our procedure is to use the shock 
relations to obtain the pressure at any point on the 
shock front for &<£*. Then expanding the pressure 
into a power series in 7 for fixed £, and retaining only 
the quadratic term [the linear term vanishes because of 
(8c) ] we obtain an approximation to the second radial 
derivative of p, 


Prr(&) ‘on (p.(€) oy p(E))/S:, 


where p,(£) denotes the pressure at the point & on the 
shock front. In (20) we have approximated the equa- 
tion of the spherical front as 


r= 2Sé. 


(20)* 


(21) 


Furthermore, with neglect of terms of order 1/5, 
p.() is equal to p(0), the axial shock pressure. Thus we 
finally obtain an expression for p,,(£), correct to terms 
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of order 1/5, 


(0 
pot? (22)* 


ee) 
bee | 
St 


p(0) 
Substitution of (22) and (19) into (18) with use of 
(12a) yields 


w/(é) UO) 1 


D 


6(é), (23a)* 
D 

p(é’) 

S ecaemaae 


oad - I ( (0) ) _ 


With the preceding expression for w, we may sum- 
marize the important equations as follows: 


(23b)* 


p U 
*(1-=)=1-a 5, (24a)* 
Po D 
U(O) r* elt’) 
a()=2—— f —b(t’)d?’, (24b)* 
D 0 po 
p=poDP(1—7 v¥)(1+6(£) /S), (25a)* 
v/Uo l f (O) 
a(g)= 2 —- 
1—v/% D 
¥ p(t’) p 
x 2f ——b(t’)dt’— ~ f werae't (25b)* 
0 Po Poo 
—_— 
E— Eo— 3 p(vo— 1) = D*6(€)/S, (26a)* 
sad 
ie)= (1-0/0) f b(e’)dé’ 
° pée(e) 
-2— f *o(eyae’, (260) 
to Yo Po 
a (&*)R(*) =2U (0)b(E*)/S, (27a)* 
[D—U(é&) P=G(é), (27b)* 
G=ce¢, (27c)* 
and 
f R(é’) P ' 
A= ————d?’. (28 
0 D—U(é') 


Equations (24), (25), (26), and (28) hold throughout the 
steady zone; Eqs. (27) hold only at the C-J point. 
Equations (24a), (25a), and (27b) may be manipu- 
lated to obtain 











pr? 2a+8 
(:- )=c (29a)* 
Yo—0 S 
vp 
D= (1—B/S). (29b)* 
Uy— Vv 
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We may conveniently regard (26a), (27a), (28), and 
(29a) as determining the C-J values of p, », and X, 
with (29b) then determining D. 


Vv 


The theory at this point is formally complete, since 
the solution of the above equations will yield the de- 
sired relation between D and 5S, correct to order 1/S. 
To actually proceed further we require explicit informa- 
tion concerning (a) the equation of state in the reaction 
zone and (b) the rate function R. Here we shall limit 
ourselves to a very brief and preliminary discussion 
which may be appropriate to the detonation of liquid 
explosives. 

With respect to the chemical kinetics problem, a 
model often used is that of a homogeneous, self-heating 
reaction with a rate 


R~f(Aje~S#/27, (30) 


where f(A)~(1—A)”" with 2 a number of order of mag- 
nitude one or two; AE is a molar activation energy. The 
appearance of the temperature in the exponential 
results in a rate of reaction which is initially small 
behind the shock front (assuming the temperature at 
this point to be appreciably lower than that near com- 
plete reaction, as is almost surely the case), at first 
increases very slowly, rises to a sharp maximum very 
close to complete reaction, then falls to zero (asymptoti- 
cally, for most f(A)). If this be true, it is plausible to 
expect the von Neumann pressure spike to be quite 
flat-topped during the induction period, then fall 
rather rapidly to its C-J value. In the following we 
idealize this pressure spike into a square wave: 


E<é, 
g= g". 


p(0), 


p(é)= 
p(é), 


(31) 


Furthermore, the above discussion suggests that the 
rate R will be very large for some \ close to complete 
reaction, then will decrease as \ increases. This sug- 
gests that for large radii of curvature the value of A 
obtained from (27a) will be very close to its plane wave 
C-J value. In the following we assume this to be true. 
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The same assumption has been made in other discus- 
sions of diameter effect.' 
We now perform a simple perturbation calculation 
on Eqs. (26a) and (29a) to obtain the increments 
Av=0(§*)—v© (32a) 
and 
Ap= p(&*)— p, (32b) 
where v and p denote the plane wave C-J values. 
The result is two linear equations for the determination 
of Ap and Av: 


ee “(1 “) Ap 
D* 2 Vo p 








vey 19 v Av 6 
+|—+- “(1 )\=-- (33a) 
D* 2 Vo vo v S 
and 
PG» sail 2—(v/v) wG,\Av 2a+8 
rap — +(= ee eee (33b) 
1—(v/v%) Gv S 
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where E,= (0E/0p),, E,=(0E/00)», etc. From (29b) 
we obtain the detonation velocity deficit 


blithe 4 Ap 1 Av 


Sp (v/v)—-1 9 


We have used (31) to estimate the plane wave values of 
the quantities a, 8, and 6, and a free volume equation of 
statet to estimate the values of the various thermo- 
dynamic variables under conditions which may be 
representative for the C-J point of liquid explosives. 
We assumed v/2)=0.7 at the C-J point, v/v=0.55 at 
the shock. The result for velocity deficit is 


(D — D)/D =3.5£*/S. (35) 


The exact value of the coefficient is quite sensitive to 
the C-J and spike compressions, especially the former, 
as well as being dependent on the equation of state. 
The above value should be regarded as only approxi- 
mate. We hope in the near future to apply the present 
theory to specific explosives. 


(34) 


D® yi 


¢ The equation of state is based on an intermolecular potential 
energy of the Buckingham type. 
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Magnetic Behavior of the System CoO —Mg0O at Elevated Temperatures* 


NorMAN ELLIOTT 
Chemistry Department, Brookhaven National Laboratory, Upton, Long Island, New York 


(Received June 11, 1954) 


The magnetic susceptibilities of solid solutions of CoO and MgO have been measured at elevated tem- 
peratures. The data fit a Curie-Weiss law x=C/(T+6) with C=3.23+0.04. 6 varies linearly with the mole 
fraction of CoO. The magnetic measurements indicate that CoO has an antiferromagnetic ordering of spins 


of the first kind below the Curie point. 


HE x-ray and magnetic measurements on CoO!” 

are in agreement in that they show CoO to have 

an antiferromagnetic ordering of magnetic moments of 

the first kind below the Curie temperature. The neutron 

diffraction results, however, indicate that the antiferro- 

magnetic coupling is between second nearest neighbors 
and that ordering is of the second kind.’ 

An investigation of the magnetic susceptibilities of 
solid solutions of CoO and MgO was undertaken to 
establish whether or not the interaction constant 6 of 
the Curie-Weiss law for CoO was entirely due to anti- 
ferromagnetic exchange.* 

CoO and solid solutions of CoO and MgO were pre- 
pared by precipitating the carbonates from solutions 


* Research performed under the auspices of the U. S. Atomic 
Energy Commission. 

1H. P. Rooksby and N. C. Tombs, Nature 167, 364 (1951). 

2 J. Samuel Smart, Phys. Rev. 86, 968 (1952). 
3 Shull, Strauser, and Wollan, Phys. Rev. 83, 333 (1951). 
‘ Corliss, Delabarre, and Elliott, J. Chem. Phys. 18, 1256 (1950). 


of the chlorides.» The source materials were Baker’s 
C. P. Analyzed CoCl:-6H,O, and Baker and Adamson 
Reagent MgCl,-6H.O and NaHCOs. The oxides were 
made by heating the carbonates to 500°C in vacuum. 
X-ray powder photographs, using CuKa radiation, 
showed that homogeneous solid solutions were obtained, 
by clear resolution of the a doublet. 

Magnetic measurements were made on a Gouy 
balance. Temperatures were obtained with an electric 
furnace through which ran a heavy walled copper tube. 
The samples were suspended inside the tube, and tem- 
peratures were recorded with thermocouples at the 
middle and each end of the sample. Magnetic fields of 
7500-10 000 gauss were used. The susceptibilities were 
not found to be field dependent. Several samples of each 
solid solution and of pure CoO were measured. Results 








5 Bacon, Street, and Tredgold, Proc. Roy. Soc. (London) A21i, 
252 (1953). 
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Fic. 1. Magnetic susceptibilities as a function of temperature. 


were consistent to +2 percent, and are given in Table I, 
and Fig. 1. 

The susceptibilities found for CoO in this investiga- 
tion are in good agreement with the measurements of 
Bhatnagar, Prakash, and Qayyum,® considering the 
difficulty of preparing pure oxides, and also with the 
results reported by Trombe.’ 

At elevated temperatures, CoO and its solid solutions 
with MgO follow a Curie-Weiss law, 


Xmol > cy (T+86). 


Dilution of the CoO with MgO has no effect on the 
Curie constant C which has an average value 3.230.04. 
This leads to a magnetic moment of 5.1 Bohr magnetons 
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Fic. 2. Paramagnetic Curie temperature 


a as a function of composition. 


* Bhatnagar, Prakash, and Qayyum, J. Indian Chem. Soc. 18 
540 (1941) Qayyum, J , 


"M. F. Trombe, J. phys. radium 12, 170 (1951). 


MAGNETIC BEHAVIOR AT ELEVATED TEMPERATURES 1925 


TABLE I. 








Magnetic susceptibility of CoO 


Temp.°K 297° 368° = «477°~—s« 492° 
Xmo1 X 10® 5235 4915 4240 4150 
Magnetic susceptibility of 85.6 Mol % CoO 
Temp.°K 296° 352° 386° 426° 464° 
XmoiX 108 5890 5440 5180 4875 4620 
Magnetic susceptibility of 57.4 Mol % CoO 
Temp.°K 296° 348° 406° 472° 
Xmo1 X 10® 7050 6420 5775 5180 
Magnetic susceptibility of 38.9 Mol % CoO 
Temp.°K 296° 366° 412° 500° 
Xmo1 X 10® 8000 6840 6225 5250 
Magnetic susceptibility of 21.09 Mol % CoO 
Temp.°K 296° 352° 411° 486° 
Xmoi X 10° 8880 7625 6625 5650 
Magnetic susceptibility of 20.83 Mol % CoO 
Temp.°K 296° 358° 419° 498° 
Xmo1 X 10* 8820 7560 6450 5465 
Magnetic susceptibility of 16.00 Mol % CoO 
Temp.°K 296° 397° 496° 
Xmo1 X 10° 9305 7200 5875 
Magnetic susceptibility of 9.01 Mol % CoO 
Temp.°K 298° 415° 493° 
Xmo1 X 10° 9500 7020 6010 
Magnetic susceptibility of 5.00 Mol % CoO 
Temp.°K 297° 414° 500° 
Xmol pA 10° 10300 7520 6260 








for the Co** ion, in agreement with other values found 
in more dilute salts. 

The paramagnetic Curie temperature @ decreases with 
dilution, and is a linear function of the mole fraction of 
CoO, approaching zero at infinite dilution. This is 
shown graphically in Fig. 2. The behavior is similar to 
that of the system MnF.—ZnF>.‘ However, uncertain- 
ties in the preparation of these oxides do not allow one 
to rule out a small residual crystalline field term of 
perhaps +10° which might be expected on theoretical 
grounds.*® 

Below room temperature the susceptibility of CoO 
passes through a rather flat maximum at 290°K. The 
ratio 6/7., therefore, has the value 1.0, which may be 
compared with the value 0.96 given in Smart’s paper.” 
The ratio of the molecular field coefficients y2/y: is 
equal to 1, where the subscripts 1 and 2 refer to coupling 
between nearest and second near neighbors, respectively. 
This result is only in accord with the Neel model if 
CoO has the first kind of ordering below the Curie 
temperature with antiferromagnetic coupling between 
nearest neighbors and ferromagnetic coupling between 
second near neighbors. 
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8 J. H. Van Vleck, Phys. Rev. 41, 208 (1932). 



























THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 


22, NUMBER 11 NOVEMBER, 1954 


Vibrational Spectra of Molecules and Complex Ions in Crystals VII. The Raman 
Spectrum of Crystalline Ammonia and 3-Deutero-Ammonia*} 


F. P. Reprnct anp D. F. Hornic 
Metcalf Chemical Laboratories, Brown University, Providence 12, Rhode Island 


(Received May 17, 1954) 


The Raman spectra of crystalline NH; and ND; were measured at —82°C, using Hg 2536.5A exciting 
radiation. The fundamentals »1, v2, and v3 were observed, but v4 was not. v2 was split into two components by 
intermolecular coupling. Lattice frequencies of both translational and rotational origin were observed, and 
there was evidence of very little coupling between them. 





INTRODUCTION 


HE Raman spectrum of crystalline ammonia and 

3-deutero-ammonia has been observed in con- 

junction with the previously reported infrared study of 
these crystals.' 

In that paper it was pointed out that on the basis of 
the present theory of crystalline spectra”* the motions 
of the four molecules in the unit cell of the cubic am- 
monia crystal (symmetry 7“) may be expected to 
couple so that the symmetrical vibrations of NH; or 
ND3;, v; and v2, each yield one component of species A 
and one of species F. Similarly, the doubly degenerate 
vibrations, v3; and v4, should each yield one component 
of species E and two of species F in the crystals. Only 
the species / components may be active in the infrared 
spectrum whereas all three (A,Z,F) may be active in 
the Raman spectrum. Actually, although all four funda- 
mentals were observed in the infrared spectrum, only 
one component arising from each degenerate vibration 
was observed. In addition, evidence was produced that 
the second, Raman active, component of v2 was dis- 
placed by 10 cm~ from the infrared active component. 

Since all ten components arising from the four in- 
ternal vibrations may be Raman active, it was hoped 
that the frequency separation between components 
originating in the different phases of coupling of the 
four molecules could be determined. This splitting 
would give a quantitative measure of the intermolecular 
interaction. In addition, it was hoped that the limiting 
lattice vibrations, five of which originate in molecular 
rotation and four in molecular translation, might be 
observed at low frequencies. 

In previous work on the Raman spectrum of crystal- 
line NH; Sutherland‘ reported lines at 3369, 3303, and 
1585 cm™ with relative intensities of 4, 1, and 0, re- 


* Based on a thesis presented by F. P. Reding in partial fulfill- 
ment of the requirements for the Ph.D. degree, Brown University, 
1951. 

t This work was supported in part by the Office of Naval 
Research. 

t Present address: Carbide and Carbon Chemicals Company, 
South Charleston 3, West Virginia. 

1 F, P. Reding and D. F. Hornig, J. Chem. Phys. 19, 594 (1951). 

2D. F. Hornig, J. Chem. Phys. 16, 1063 (1948). . 

8H. Winston and R. S. Halford, J. Chem. Phys. 17, 607 (1949). 


4G. B. B. M. Sutherland, Proc. Roy. Soc. (London) 141A, 


546 (1933). 
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spectively. The Raman spectrum of ND; was not found 
in the literature. 


EXPERIMENTAL 


The ultraviolet absorption spectrum of crystalline 
NH; begins at 2345A.° 

Consequently the Hg 2536.5 A proved most satis- 
factory as an exciting line. The mercury arc used was an 
eight-turn quartz helix. The vapor pressure of the 
mercury in the lamp was kept low by using amalga- 
mated gold foil electrodes. No evidence of resonance 
absorption by the cool mercury vapor along the wall of 
the tube was noted. The exciting line was filtered from 
the Raman radiation by filling the spectrograph with 
mercury vapor. 

A diagram of the sample tube and cooling jacket is 
shown in Fig. 1. Nitrogen which had been cooled by 
bubbling through liquid nitrogen was used to cool the 
Raman tube. In preparation for an investigation, the 
system was evacuated and the sample condensed from 
a storage flask into the Raman tube. The liquid was 
slowly crystallized and a highly cracked semitrans- 
parent crystal was obtained. Since this proved to be 
satisfactory, no attempt was made to form a flawless 
single crystal. The NH; used§ was stated to be 99.97 per- 
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5 A. Prikhotko, Acta Physicochim. U.S.S.R. 12, 559 (1940). 
§ Mathieson Alkali Works. 
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cent pure. The ND; was prepared by the procedure 
described in the previous paper. 

A medium Hilger E-3 303 Spectrograph with quartz 
optics was used to record the spectra. Depending upon 
the intensity desired, exposure times varied from 20 
minutes to two hours, using a slit of 0.01 mm. The 
resolution of the spectrometer was approximately three 
cm™ in the region employed. For wavelength determi- 
nations, an iron arc spectrum was recorded using a 
Hartman diaphragm. The error in the measurement of 
the Raman line displacement was approximately 
+5 cm. 


RESULTS 


The Raman spectra obtained from crystalline NH; 
and ND; at —82°C, reproduced from the micro- 
photometer tracings, are shown in Figs. 2 and 3, re- 
spectively. The mercury lines included are marked, and 
the 2536.5 A exciting line is indicated by A. The 
frequencies of the band centers and approximate in- 
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Fic. 2. Raman spectrum of crystalline NH3. 


tensities are shown in Table I. For comparison the 
fundamental bands observed in the infrared spectrum 
are also listed. 

Two components of the symmetrical bending vibra- 
tion v2 at 1048 and 1058 cm~ were clearly resolved in 
the NH; spectrum. A corresponding doublet was indi- 
cated in the ND; spectrum by the shoulder at 817 cm=! 
on the high-frequency side of the peak at 810 cm—. 
From the very near coincidence of the bands at 1058 
and 817 cm™ with the corresponding bands for v2 in 
the infrared spectrum, it is safe to conclude that these 
Raman components arise from the species F vibration. 
The other two components at 1048 and 810 cm= in NH; 
and ND; must therefore be the species A components. 

The symmetric stretching frequency v; could not be 
determined for NH; because it lies in the broad intense 
band which extends from 3160 cm= to 3330 cm- and 
has a maximum at approximately 3210 cm. This diffi- 
culty did not arise for the corresponding line in the ND; 
spectrum at 2330 cm™ which is sharp. It is seen in 
lable I that »; in the infrared spectrum of crystalline 
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Fic. 3. Raman spectrum of crystalline ND3;. 


NDs;, which must be of species F, has its center at 2318 
cm™'. The 12 cm™ frequency separation between the 
infrared and Raman components of this fundamental 
in ND; is outside of the experimental error in this region. 
Consequently these Raman lines probably arise from 
the species A rather than the species F vibration. 

The Teller-Redlich product ratio for the F com- 
ponents of the symmetric vibrations was found to be 
1.808 (harmonic value= 1.842). If the product ratio is 
the same for the A components, v; of NH; would occur 
at 3240 cm~. The broad band in which it is located is 
apparently the first overtone region corresponding to 
the intense infrared absorption running from 1575 cm™ 
to the fundamental v4 at 1648 cm™. A similar band in 
NDs; would be expected in the region 2350-2400 cm™' 
which underlies the Hg line adjacent to ». 

A component of the antisymmetrical stretching vibra- 
tion v; was observed at 3375 cm™ in NH; and 2507 
cm in ND;. This vibration gives rise to a species E 
and two species F phases of coupling. Since the ob- 


TABLE I. Observed vibrational frequencies in crystalline ammonia 
and 3-deutero-ammonia. 

















NH; ND; 
Raman Infrared Raman Infrared 
Assignment® (em~) (em™) (em~!) (cm!) 
we 53> oe 41> 
99 Ss s 5 4 tee 
129 m tee 121 m 
lattice 284 vs 250» 142-161 vw 
vibrations 325-375 w 362» 213 vs 200° 
~386 vw tee 245-270 w <300 
430-462 vw sae 280-312 w 
tee 527 330-380 w 
505-540 vw 
po! 1048 s see 810 s tee 
vo 1058 m_ 1060 817 m 815 
V4 tee 1646 se 1196 
v;’, (plus 3160-3330 s tes 2330 . tee 
2v5 in NH;) 
V1 tee 3223 ree 2318 
V3, v3, or v3" 3375 Ss 3378(v3) 2507 vs 2500(v;) 








“v1, v2, v3, v4 refer to the internal modes of NHs, species F if unprimed, 
species A if single primed, and species E if double primed. 
>» From combination bands in the infrared spectrum. 
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served lines occur so near the corresponding infrared 
active vibrations at 3378 and 2500 cm“, they may arise 
from the same F component observed in the infrared 
spectrum. However, since in all cases the observed 
splitting between components was very small, it may 
be that the bands arise from either of the other com- 
ponents or from a superposition of the three. The fre- 
quency found for v3; in the crystal in this and the 
previous paper are in accord with that recently found 
in the gas from its Raman spectrum.® 

The lines at 3303 and 3369 cm reported by Suther- 
land? certainly correspond to those at 3160-3330 cm™ 
and 3375 cm in the work reported here. Sutherland as- 
signed the line he observed at 1585 cm™ to »4, which 
like vy; may have three active Raman components in 
the crystal. No line was observed in this region in the 
present work. Since Sutherland did not observe the 
lines at 1058 and 1048 cm™ at all, any comparable 
Raman scattering in the present study in the vicinity 
of 1585 cm™ would be expected to be more intense 
than the lines around 1050 cm™. Sutherland observed 
the spectrum at —185°C, whereas the present study 
was performed at —82°C; therefore, the possibility 
remains that the relative intensities of the lines around 
1050 cm™ and 1585 cm™ change enough with tempera- 
ture to account for the apparent discrepancy, although 
this seems highly improbable. 

In addition to the well-defined features, the micro- 
photometer trace shows a broad band with a maximum 
at about 2700 cm™ (2730 A) which can be ascribed to 
ve+v,4. There may also be other diffuse bands running 
from 2630 A to 2670 A and from 2670A to 2700 A, 
(1300-1900 cm, 1900-2300 cm™). 


Lattice Vibrations 


As pointed out before, there are five fundamental 
lattice vibrations originating in molecular torsion, three 
of symmetry species F and one each of species A and £, 
and four fundamental lattice vibrations originating in 
molecular translation, two of species F and one each of 
species A and E. (There are actually three species F 
translational vibrations but one of them is the zero 
frequency motion corresponding to translation of the 
crystal as a whole.) Because of the small moments of 
inertia, one expects the translational motions in these 
molecules to be of lower frequency than the torsional 
motions, although the two types of motion of a given 
symmetry species may be coupled. These motions may 
also be coupled to the internal vibrations of the mole- 
cules of the same symmetry species, but because of the 
large frequency separation it is doubtful if such coupling 
is of any consequence. 

As seen in Table I, a number of lattice vibrations 


®C. Cumming and H. L. Welsh, J. Chem. Phys. 21, 1119 
(1953). 


REDING AND D. F. 
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were observed. A complete assignment of the observed 
bands is not possible but several features should be 
noted. From the low frequency and the small frequency 
separation between NH; and ND; the bands at 99 and 
129 cm™! in NH; and 91 and 121 cm™ in ND; are 
certainly translational modes. The Teller-Redlich ratios 
of the species A and E translations are both 1.084, 
and the ratio for the two species F translations is 1.177, 
The observed ratios of the above two bands are both 
1.08. Although the symmetry of the bands cannot be 
determined, the observed ratios indicate that there is 
very little coupling between the translational and 
torsional lattice modes. 

From the high intensity, relatively high frequency 
and large frequency shift in going from NH; to ND,, 
the bands at 284 cm™ in NH; and 213 cm" in ND, 
are almost certainly fundamental torsional modes. 
The observed frequency ratio of these bands is 1.33. 
The Teller-Redlich product ratio for the species A 
torsion is 1.41 for the species £ torsion is 1.39 and for 
the three species F torsions is 2.736. Although again it 
is not possible to determine the symmetry of the mo- 
tion, the observed ratio indicates that it is a nearly 
uncoupled torsion. 

The band between 325 and 375 cm™! in NH; almost 
certainly arises in part from the species F torsion ob- 
served at 362 cm™ in the infrared spectrum.' The high- 
frequency shoulder of the corresponding band in ND; 
was observed in the infrared spectrum, but the position 
of the band center could not be determined because the 
low-frequency limit of the spectrometer used was 300) 
cm. The band between 245 and 270 cm in the 
Raman spectrum of ND; corresponds to the band be- 
tween 325 and 375 cm™ in NH3. This indicates that the 
band center of the species F torsion in ND; is approxi- 
mately 260 cm™. 

There was no evidence of Raman scattering corte- 
sponding to the bands observed at 527 and 406 cm in 
the infrared spectrum of NH; and NDs, respectively. 
These bands must be of species F, but it is doubtful 
if they are fundamental vibrations. The remaining 
low-frequency bands in the Raman spectrum of NH; 
and ND; are probably combinations and overtones of 
lattice fundamentals. 

In conclusion, the interaction between the molecules 
in the NH; and ND; crystals must be small. Not only 
is the separation between the different phases of coupling 
of the internal vibrations small but also it appears that 
the low-frequency translational and torsional modes are 
only slightly coupled. 
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Photolysis of Methyl Bromide in the Presence of Mercury* 


CHARLES F. Boynton, Jr., AND H. AusTIN TAYLOR 
Chemistry Department, New York University, New York 53, N. Y. 


(Received June 7, 1954) 


A study has been made of the photolysis of methyl bromide in the presence of liquid mercury over a 
pressure range of the bromide from 25 to 100 mm and at temperatures from 35° to 200°C. The removal of 
the bromine atoms formed in the initial split as mercurous bromide reduces the back reaction. Unlike the 
corresponding reaction with silver, ethane is formed in considerable amounts. The rate of methane forma- 
tion decreases while that of ethane formation increases with duration of photolysis. The rate of methane 
formation increases and that of ethane decreases with increase in pressure of methyl bromide. The energy 
of activation of methane production in the absence of mercury is 2.1 kcal. In the presence of mercury the 
energy of activation for methane is approximately zero while that for ethane is less than 2 kcal. The results 
are interpreted as indicating the formation of mercury methyl] radicals or mercury dimethyl. 





HE absence of ethane as a major product in the 

photolysis of the methyl! halides has usually been 
attributed to the low concentration of methyl! radicals. 
Ethane has not been observed as a product of pho- 
tolysis of methyl bromide! and has been found in only 
small amounts from methyl! iodide.? In the mercury 
sensitized decomposition of methy! chloride* very small 
amounts of ethane were found. The quantum yield of 
the primary split has been shown to be unity in each 
case. For methyl bromide! and methy] iodide? this was 
accomplished by introducing silver to remove the 
halogen as formed and thus prohibit the back reaction. 
For methyl] iodide, the presence of silver increased the 
rate of formation of ethane such that it became the 
predominant product. No ethane, however, was ob- 
served from methyl bromide in presence of silver. 

In the photodecomposition of mercury dimethyl the 
observed results have, for the most part, been accounted 
for, while disregarding the back reaction of mercury 
with methyl radicals, though it is well known that in 
reactions involving methyl] radicals in presence of mer- 
cury, mercury dimethyl can always be smelled. Saunders 
and Taylor® showed that the presence of mercury in the 
photolysis of acetone led to results similar to those 
found in the photolysis of mixtures of acetone and 
mercury dimethyl. Since ethane has not previously 
been observed as a product from methyl bromide and 
since mercury should be very effective in fixing bromine 
and at least partially effective in fixing methyls, the 
products of photolysis of methyl bromide in presence of 
mercury should resemble those of mercury dimethyl, 
ethane becoming a major product. 





* Abstract from a thesis presented in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy at New York 
University, June, 1952. 
coat) Gordon and H. A. Taylor, J. Am. Chem. Soc. 63, 3435 


(1938) West and L. Schlessinger, J. Am. Chem. Soc. 60, 961 
anca® Masson and E. W. R. Steacie, J. Chem. Phys. 19, 183 
51). 
*R. D. Schultz and H. A. Taylor, J. Chem. Phys. 18, 194 (1950). 


(19H) W. Saunders and H. A. Taylor, J. Chem. Phys. 9, 616 
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EXPERIMENTAL 


Two reaction systems were used during the course 
of the work. The first, patterned after that of Gordon 
and Taylor, consisted of a quartz cylinder 2.5 cm in di- 
ameter, 10 cm long, having a volume of 51 cc. One end 
was flat while the other end of the cylinder was con- 
stricted for a quartz to pyrex graded: seal carrying a 
ground glass joint to the system. A low pressure helical 
quartz mercury arc closely surrounding the reaction 
cylinder was energized by a 720 VA luminous tube 
transformer. The second system was a quartz cylinder 9 
cm in diameter, 4.7 cm long, having a volume of 320 cc 
with both ends flat. A tube from the side of the cylinder 
was connected as before to the rest of the system. A low 
pressure quartz mercury arc, coiled in a flat spiral and 
energized with the transformer previously used, illu- 
minated one end of the reaction vessel. The current in 
the primary of the transformer was maintained constant 
at 5.5 amp by manual adjustment during a run. 

In the early work with the first vessel, provision was 
made for gently shaking the reaction vessel by means of 
a vibrator in order to present as large and renewed a 
mercury surface as possible. In the second vessel a pyrex 
encased iron rod was floated on the mercury surface 
and rotated by means of a magnetic stirrer, thus 
cleaning the surface as reaction occurred. The stirrer, 
reaction vessel, and the flat spiral of the lamp were en- 
closed in an air oven, which was thermostatted to 
+0.5°C, the temperature being measured using a 
mercury thermometer. The electrodes of the lamp 
passed through the top of the oven and were thus 
approximately at room temperature. 

The methyl bromide used was distilled through 
phosphorus pentoxide into a reservoir while open to 
the pump system. It was frozen in liquid nitrogen, 
degassed, and stored over mercury at dry ice tempera- 
ture. The mercury dimethyl, prepared in the laboratory, 
boiled at 62-64°C at 340mm. It was distilled from 
freshly fused calcium chloride and then twice purified 
by bulb to bulb distillation, the middle fraction being 
retained. 

Since mercury was used to pick up bromine, pressures 
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before and after a run were measured with a mercury 
manometer. Even for the runs in which no liquid 
mercury was present in the reaction cell, no protection 
was taken to avoid mercury vapor getting to the cell, 
since it was the effect of the presence or absence of the 
liquid mercury that was thought to be significant and 
not that of mercury sensitization. 

The mercurous bromide, which always formed during 
runs, covered the mercury surface and after a short 
time reduced the pick-up of bromine atoms. It was to 
reduce this covering that the second reaction vessel 
was designed in which the mercury surface was con- 
tinually swept clean by the rotating glass tube. Although 
this system proved more efficient than the first, the 
results reflect the lack .of reproducibility of the mercury 
surface. After each run the cell was removed from the 
system, the mercury poured out, and the cell cleaned 
with dilute nitric acid and rinsed thoroughly. Although 
mercurous bromide is insoluble in waier and in dilute 
acids, it was apparently mixed with enough mercury or 
possibly mercuric bromide so that it was loosened by 
the dilute nitric acid and could be washed out. The 
property of mercurous bromide of becoming yellow on 
heating and returning to a white color on cooling was 
observed throughout the work. 

Prior to each run a sample of methyl bromide was 
drawn from the storage tube, frozen in liquid nitrogen, 
and degassed. The reaction vessel was evacuated to less 
than 10-° mm, using a conventional two stage mercury 
diffusion pump backed by an oil pump, and filled with 
methyl bromide to the desired pressure. The second 
cell held a layer of mercury of about 90 cc volume. The 
oven was adjusted to the required temperature and the 
lamp allowed to warm up for fifteen minutes with an 
aluminum sheet shielding the reaction vessel from the 
radiation. The shield was removed to initiate the run. 
After the desired exposure time, the lamp was turned 
off and the residual pressure in the cell measured. 
Product gases were drawn by a Toepler pump first 
through a trap cooled to — 196°C and transferred to the 
analyzer. A second fraction was obtained by warming 
the trap to —131°C using melting secondary butyl 
chloride. The pressure of each fraction was measured 
when occupying the standard volume of 2.97 cc of the 
analyzer. The efficiency of fractionation was tested 
with known mixtures and found to be adequate if 
allowance was made for a small amount of methyl 
bromide which could be pumped through at — 131°C. 

When two gases were used, the reaction vessel was 
filled with one gas to the desired pressure, the con- 
necting lines pumped out, and then the other gas was 
admitted under a pressure head sufficient to preclude 
back diffusion. Mixing of the gases was assured during 
the warm-up period of the lamp. 

Since the amount of gaseous products was of the 
order of 1cc NTP, the micro-analytical method of 
Saunders and Taylor® was used. Several absorption 
tubes were attached to the analyzer so that the gas 


JR. 
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could be passed into any one tube as desired. To avoid 
nonreproducible absorption due to adsorption on the 
absorbents and walls, these tubes were not evacuated 
by the diffusion pump but by the Toepler pump only. 
This was accomplished with one or two pulls before 
each analysis. 

The fraction of the products not condensible in 
liquid nitrogen was passed over copper oxide at 300°C 
for two minutes and then over Anhydrone in a cool 
part of the same tube. The gas passed thence over 
Ascarite in a tube also containing Anhydrone. Hydrogen 
if present would have been detected in the first tube. 
Carbon monoxide oxidized in the first tube to carbon 
dioxide was absorbed in the second tube. The residual 
gas, methane, was confirmed by a spark combustion 
in excess oxygen. After several such confirmations, the 
methane was measured simply by difference. 

The second fraction could contain C2 gases. Hydro- 
genation over a nickel catalyst at 100°C resulted in a 
consistent contraction of less than 5 percent of the 
sample. This was shown to be attributable to traces of 
methyl bromide drawn over by prolonged pumping 
rather than to ethylene. The remaining gas was shown 
by combustion to be ethane. 

Especially in the runs in which mercury dimethy] was 
present initially, though also in the higher temperature 
runs of longer duration, a second solid deposit, in addi- 
tion to the mercurous bromide, was observed. This 
brown deposit was insoluble in dilute nitric acid and 
was not readily soluble in organic solvents. A warm 
mixture of concentrated nitric and sulfuric acids was 
required to remove it. This deposit may have been a 
polymethylene. 

When liquid mercury was not present in the reaction 
cell, the photolysis of methyl bromide alone showed a 
small pressure increase amounting to less than 2 percent 
of the initial pressure. In the presence of mercury 4 
small pressure decrease approximately proportional to 
the duration of the run was always observed. This is 
to be expected from the formation of ethane which was 
always found. 


RESULTS AND DISCUSSION 


It is already well established that the primary step 
in the photolysis of the alkyl halides involves a breaking 
of the carbon-halogen bond. Thus for methyl bromide: 


CH;Br-CH;+ Br. (1) 
Secondary reactions include the following: 
CH3;+ Br—CH;Br, (2) 
2 Br+M—Br.+M, (3) 
and 
CH;+ CH;Br—--CH,+ CH>Br. (4) 


These have been shown to be satisfactory to account 
for the observed low quantum yields. 
In the presence of mercury the following additional 
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In Table I are summarized the results of the explora- 
tory runs carried out in the first, small reaction vessel. 
It seemed apparent that when the bromine atom 
pick-up was made more efficient, that is, when the 
mercury surface was cleaned by shaking the cell, 
although the rate of methane production increased 
slightly with increasing concentration of methyl bro- 
mide, ethane production appeared to increase more 
rapidly. The significance, however, of the duration of 
a run was only realized from the results obtained with 
the second reaction cell, wherein it was observed that 
the rate of methane formation decreased while the rate 
of ethane formation increased during a run. To see the 
specific effect of the methyl bromide pressure rate com- 
parisons had therefore to be made at the same stage of 
the reaction. 

Since mercury dimethyl, as evidenced by its smell, 
was always formed when mercury was present in the 
photolyzing methyl bromide, the effect of added 
mercury dimethyl was investigated. Although no liquid 
mercury was added in these runs the decomposition of 
the mercury alkyl frees mercury atoms which can pick 
up bromine. It can be seen from Table I that as the 
partial pressure of the mercury dimethyl increases 
the rates of formation of both methane and ethane in- 
crease, maintaining a constant ratio of RC2Hs/RcHy, of 
about 10. The ratio with mercury dimethyl alone is 
only 4. 

Table II presents the effect of the pressure of methyl 
bromide as also of the duration of a run when mercury 
is present. These are data obtained using the larger 
reaction vessel with the mercury surface constantly 
swept during the exposure, the better to maintain the 
equilibrium vapor pressure. All the runs quoted were at 
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TABLE I. Small reaction vessel. 
Time Temp. Press. (mm) Rate (ml/min) 
Runs (min) “"/ CH3Br Hg(CHs)2 Conditions co CHa C2Hs 
(1-6 5 25 100 0 No Hg 0.01 0.04 0 
9, 10 5 25 100 0 Hg, no shaking 0.01 0.05 trace 
12-15 1-5 70 100 0 Hg, shaking 0.02 0.23 0.11 
16, 17 2,5 70 50 0 Hg, shaking 0.01 0.23 0.09 
18-27 1-10 70 25 0 Hg, shaking trace 0.21 0.04 
29, 33 2 70 0 40) No Hg 0 0.22 0.85 
30 2 70 25 35 No Hg 0 0.14 1.31 
31 2 70 25 30 No Hg 0 0.12 1.15 
32 2 70 25 20 No Hg 0 0.08 0.84 
reactions may be considered: 100°C. It can be seen that the rate of methane produc- 
-, tion decreases while that of ethane tends to increase 
Hg+Br--tigsr, (5) with duration of a run at each pressure of methyl 
2 HgBr—Hg.Bro, (6) bromide. This may be attributed to an initial build-up 
_, of HgCH; or Hg(CH;). which, maintaining a lower 
2 CH;>C2H,, (7) 2 gore seagr - 
methyl radical concentration, favors methane produc- 
CH;+Hg—HgCH; (8) tion. Further, comparison of rates after a given time 
: : : at the three methyl bromide pressures used shows that 
CHs+HgCH;~>CHi+ HgCHe, (9) methane formation increases while ethane formation 
and ; __.. decreases as the initial pressure increases. Finally, if 


the rate of decomposition of methyl bromide is taken 
as 2Rc2He+Rcny, it can be seen that the rate is higher 
initially and decreases with duration. While this might 
be attributable to a normal decrease in rate with prog- 
ress of reaction, it cannot be the whole explanation, 
since even after the longest time the amount decom- 
posed is less than twenty percent. Undoubtedly it is 
due to a decrease in the efficiency of bromine pick-up. 
This would permit the back reaction (2) to occur, de- 
creasing the methyl radical concentration and thus 
decreasing ethane production. Paralleling this, there 
would also be a less efficient pick-up of methyl radicals 
according to reactions (5) and (10), leading to mercury 
dimethyl, which thus appears to be the principal source 
of ethane. 

If the only function of mercury was to pick up bro- 
mine and reduce the rate of the back reaction, silver 
should serve the same purpose. Gordon and Taylor 
found no ethane when methy! bromide was photolyzed 
in the presence of silver. Two experiments were per- 
formed in the present work with silver in the cell instead 


TABLE II. Effect of pressure of CH;Br in presence of 
mercury. Temperature 100°C. 











Press. Rate 
CHaBr Time ml/min) 

Run (mm) (min) co CH, CoHe 
65 100 2.5 0.10 0.52 0.15 
61 100 5 0.08 0.42 0.13 
64 100 7.5 0.05 0.35 0.18 
57 100 10 0.05 0.35 0.19 
67 50 ae 0.06 0.34 0.21 
63 50 5 0.04 0.28 0.19 
68 50 Fe: 0.02 0.19 0.22 
60 50 10 0.02 0.21 0.23 

108 25 2 0.02 0.12 0.23 

109 25 3 0.01 0.07 0.24 
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TABLE III. Effect of temperature in absence 
of mercury Pcox,sr= 100 min. 
Rate 
Temp. Time (ml/min) 

Runs " Conditions (min) co CHa 
59-66 100 No Hg added 0 0.11 0.31 
69-72 65 No Hg added 0 0.07 0.23 
73-75 35 No Hg added 0 0.06 0.17 
103 35 No Hg added 5 0.01 0.05 
104 35 50 mm COs added 5 0.01 0.05 
101 35 100 mm CO, added 5 0.01 0.06 
102 35 200 mm CO, added 5 0.01 0.06 








of mercury which in both cases confirmed the absence 
of ethane. Obviously mercury, unlike silver, is capable 
of reacting with methyl radicals, effectively prolonging 
their life. As the mercury vapor concentration is in- 
creased, the over-all decomposition of methyl bromide 
increasingly resembles that of mercury dimethyl with 
respect to the high percentage of ethane in the products. 

The effect of temperature on the rate of methane 
production in the absence of liquid mercury is shown 
in Table III. No ethane is found under these conditions. 
Rates quoted at zero time are initial rates extrapolated 
from the average rates for four runs over intervals up 
to ten minutes at each temperature. The energy of 
activation of methane production is 2.1 kcal. This may 
be compared with the value 0.8 kcal obtained by 
Masson and Steacie* using methyl chloride and with 
the zero value found by Schultz and Taylor‘ in the 
photolysis of methyl iodide. In both of these latter 
studies the addition of carbon dioxide was found to 
decrease methane production. No effect of added CO, 
is observed here. If the effect of CO: in the methyl 
chloride study is due, as attributed by Masson and 
Steacie, to quenching of the resonance radiation, it can 
only be concluded that the photolysis yielding the 
results in Table III is not effectively mercury sensitized. 
This is not inconceivable since no attempt was made 
to equilibrate the system with mercury vapor from the 
manometer which was the only source of mercury 
vapor in the system and the system was cut off by a 
stopcock from the manometer during the course of the 
run. An alternative explanation of the low energy of 
activation was suggested by Schultz and Taylor that 
methane is produced from hot methyl radicals. If this 
explanation is applicable here, the absence of retardation 
by CO, must indicate that at the pressures of methyl 
bromide used deactivation is already extensive and 
added inert gas has little effect. A similar result was 
found by Williams and Ogg® in the photolysis of methy] 
iodide-hydrogen halide mixtures. 

To determine the effect of temperature on the pho- 
tolysis in the presence of mercury a series of runs of one 
minute duration was made over the temperature range 
35° to 200°C. A summary of the results is given in Table 


6 R. R. Williams Jr. and R. A. Ogg, Jr., J. Chem. Phys. 15, 696 
(1947). 
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IV. From the discussion of the results in Table II con- 
cerning the dependence of methane and ethane for- 
mation on the duration of the exposure, it follows that 
the data in Table IV cannot be used directly to deter- 
mine energies of activation, since the extent to which the 
rate of methane production has fallen off and that of 
ethane increased in the one minute interval may differ 
at each temperature. It may nevertheless be concluded 
that the energy of activation of methane production 
must be close to zero while that of ethane production 
must be less than 2 kcal, which is the apparent value 
derived directly from the data found. This apparent 
energy of activation of ethane production is in excellent 
agreement with the value 1.8-+0.5 kcal found by Trot- 
man-Dickenson and Steacie’ as a measure of the in- 
crease with temperature in methyl radicals from five 
different sources. 

That the efficiency of bromine pick-up is never 
perfect is shown by the presence of carbon monoxide. 
The rate of formation of carbon monoxide increases 
with increase in temperature when mercury is absent 
but is approximately independent of temperature with 
mercury present. At the higher temperatures where 


TABLE IV. Effect of temperature in presence 
of mercury. Pcu,pr= 100 mm. 








Rate (ml/min) 





Temp. °C co CH, C2He 
200 trace 0.08 0.49 
150 trace 0.09 0.42 
100 trace 0.14 0.34 

80 0.02 0.18 0.26 
65 0.03 0.20 0.18 
35 0.02 0.15 0.18 








the mercury vapor concentration is high and _ hence 
bromine pick-up more efficient only traces of carbon 
monoxide were found. The inverse relation shown in 
Table II between the dependence of the rate of forma- 
tion of carbon monoxide and of ethane on the pressure 
of methy] bromide indicates that both processes depend 
on mercury concentration, one directly, the other in- 
versely. When bromine pick-up is efficient, little carbon 
monoxide is found and ethane production is high. When 
no mercury is present or when the efficiency of pick-up is 
low, more carbon monoxide and less ethane are found. 
It seems probable that the formation of carbon mon- 
oxide originates in an attack by bromine atoms on the 
silica walls of the reaction vessel, a reaction which is 
aided by the presence of a reducing agent such as the 
carbonaceous deposit observed. The latter in tum 
probably originates from methylenes either from the 
methylene bromide or mercury methylene radicals the 
production of which accompanies methane formation. 


7A. F. Trotman-Dickenson and E. W. R. Steacie, J. Phys. & 
Colloid Chem. 55, 908 (1951). 
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PHOTOLYSIS OF CH:;Br 


In view of the results reported here a reconsidera- 
tion of all the studies involving methyl radicals pro- 
duced by mercury sensitization would appear to be 
called for. Obviously, however, no blanket opinion can 
be expressed since the procedure of introducing or of 
maintaining mercury vapor in such reaction systems 
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has differed widely. The effects observed in this work 
with large amounts of liquid mercury present in the 
reaction vessel could be expected to be greater than 
those in typical mercury sensitization procedures, but 
estimates of methyl radical concentration should not 
ignore the presence of mercury. 
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High resolution proton magnetic resonance spectra are presented for aqueous NaBH, and liquid BzHg at 
30 and 40 megacycles. B" magnetic resonance spectra at 6 megacycles are presented for these same sub- 
stances. The details of the spectra constitute powerful confirmation of a tetrahedral model for BH,~ and 
a bridge proton model for BzH¢. The bridge protons in the latter display resonance at higher applied mag- 
netic field than do the terminal protons, suggesting a more hydride-ion like character for the former. Quanti- 
tative spin-spin multiplet separations and chemical shifts are recorded. 


IGH resolution proton magnetic resonance spectra 

have been studied with the 30 megacycle spec- 
trometer used previously,' and with the 40-megacycle 
spectrometer of the Shell Development Laboratories, 
Emeryville, California. High resolution B"™ magnetic 
resonance spectra have been studied with the 6-mega- 
cycle spectrometer of the latter laboratories. 

In Fig. 1 are presented the proton magnetic resonance 
spectra of solutions of NaBH, in H.O or D.O (chosen 
to avoid interference by protons of ordinary water). 
It is seen that except for absolute position on the mag- 
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netic scale (and somewhat inferior adjustment of the 
resolution at 30 megacycles) the spectra at the two 
frequencies are identical. This constitutes the simplest 
proof of the chemical identity of the protons in BH,- 
ion, the structure of the spectrum resulting from the 
field invariant spin-spin interaction of protons and 
boron nuclei. The isotope B", with a natural abundance 
of some 80 percent, has nuclear spin quantum number 3, 
giving rise to the four intense lines in the spectrum. 
The less abundant B"” has nuclear spin quantum 
number 3. The corresponding seven weaker lines are 
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Fic. 1. (a) 40-megacycle proton 
magnetic resonance spectrum of 
NaBH, in H.O. Magnetic field 
increasing to right. Scale indicates 

(b) shift in parts per million from 
water proton reference. (b) 30- 
megacycle proton magnetic reso- 
nance spectrum of NaBH, in D,O. 
Scale as in (a). 
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Fic. 2. (a) 6-megacycle B" magnetic resonance spectrum of 
NaBH, in H.O. Magnetic field increasing to right. Scale indicates 
separation in parts per million. Center peak chosen as reference. 
(b) 6-megacycle B" magnetic resonance spectrum of liquid BoHe. 
Scale as in (a), with reference to arbitrary zero given there. 


completely resolved in the 40-megacycle spectrum. The 
relative separations of the quadruplet and the seven 
fold multiplet are in satisfactory agreement with the 
known relative gyromagnetic ratios of the two boron 
isotopes. 

In Fig. 2(a) is presented the B'' magnetic resonance 
of aqueous NaBH. The B" resonance in BH¢ is split 
by spin-spin interaction with four protons into sixteen 
lines. The experimental observation of five groups, of 
relative intensities 1, 4, 6, 4, 1, is independent proof of 
the identity of the boron-hydrogen bonds, leading to 
the corresponding coincidences of some of these lines. 
The observed separation of some 82 cycles for adjacent 
lines agrees quantitatively with that found for the B" 
quadruplet in the proton spectrum. 

The above proven chemical identity of the protons 
in BH¢ is compatible with three geometrical structures 

-respectively square planar, square pyramidal and 
tetrahedral. The first two models would lead to rela- 
tively large angular dependence of the electric field 
gradients at the boron nucleus. In view of the fairly 
large electric quadrupole moments of B'' and B"” nuclei, 
corresponding electrically induced relaxation of the 
Zeeman levels should lead to broad magnetic resonance 
lines. The experimentally observed narrow lines pro- 
vide an objective basis for assignment of the tetra- 
hedral structure to BH¢ ion. 

The sample of diborane, provided through the 
courtesy of Professor Anton B. Burg of the University 
of Southern California, was normally gaseous at a 
pressure of about one atmosphere, contained in a sealed 
Pyrex glass cylinder some 100 cm* in volume, termi- 


nating in a tip of glass tubing of 5-mm diameter. 
Immersion of this tip in liquid nitrogen resulted in 
condensation of the sample. The tip was inserted into 
the spectrometer probe, and the spectrum was traced 
while the sample was still in liquid state. 

In Fig. 3 are presented the proton magnetic resonance 
spectra of B2Hs. These automatically exclude the now 
discredited ethane like structure, but are in excellent 
agreement with the currently accepted bridge model. 
The four identical terminal protons would be expected 
to have an electronic environment differing from that 
of the two identical “bridge” protons—i.e., there should 
be a “chemical shift”’ between the respective resonances. 
The terminal proton resonance should display the same 
type of spin-spin multiplet structure as that in BHy. 
It will be observed that the dominant feature of the 
spectra embodies four intense lines. The bridge protons, 
symmetrically placed with respect to two chemically 
identical boron nuclei, are expected to display a more 
complex resonance. With the natural abundances of 
boron isotopes, the relative probabilities of configura- 
tions B'—H—B", B'—H—B"” and B°“—H—B" are 
16, 8 and 1. In the first of these, the proton resonance is 
split into sixteen lines, falling into seven groups of 
relative intensities 1, 2, 3, 4, 3, 2, 1. For the second, 
there are twenty-eight lines, with only accidental co- 
incidences. Since each is only one-half as intense as the 
least intense line of the sevenfold group, the configura- 
tion B'—H—B" should contribute an almost unob- 
servable background to the bridge proton resonance. 
Finally, the third configuration should contribute forty- 
nine lines, grouped 1, 2, 3, 4, 5, 6, 7, 6, 5, 4, 3, 2, 1—for 
intensity reasons indistinguishable from background. 

In Fig. 3(a) the peak at 6.3 is interpreted as the 
center of the sevenfold group, and those at 2.0 and 11.4, 


@) REE yaa \ fai | 


(b) ¢ 


a A 


Fic. 3. (a) 30-megacycle proton magnetic resonance spectrum 
of liquid BzH¢. Scale as in Fig. 1. (b) 40-megacycle proton mag- 
netic resonance spectrum of liquid BeHs. Scale as in Fig. 1. 
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BOROHYDRIDE ION AND 
respectively, as the two outermost members. The re- 
maining four members of the group overlap symmetri- 
cally the two right members of the quadruplet due to 
terminal protons. In Fig. 3(b) the higher frequency has 
caused a greater relative chemical shift of the bridge 
proton resonance, exposing two members of the seven- 
fold group on the high field side. The peak now appear- 
ing between the two intense ones corresponds to the 
third member of the group (intensity 3). The remainder 
overlap the quadruplet peaks, leading to an unsym- 
metrical intensity distribution. From the spectra in 
Fig. 3, the respective separations of the terminal 
proton quadruplet and the sevenfold group caused by 
B'— H—B" bridge protons are 125 cycles and 43 cycles. 
The B" resonance in Fig. 2(b) further substantiates 
the structural features indicated by proton resonance. 
The more strongly interacting terminal protons split 
the B" resonance into a triplet of relative intensities 
1, 2, 1 and separation 125 cycles. Each of the members 
of this large triplet is split by the pair of bridge protons 
into a small triplet of relative intensities 1, 2, 1 and 
separation 43 cycles. Qualitatively and quantitatively 
the B" spectrum found experimentally shows these 
expected details. The fairly narrow lines observed in 
both proton and boron spectra support the assignment 
of approximately tetrahedral arrangement of the four 
protons bonded to a given boron atom in BeHg, ex- 
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cluding such structures as, say, completely planar 
arrangement of all nuclei. 

It will be observed that the sense of chemical shift 
between terminal and bridge protons in B2He is that 
the resonance of the latter is found at higher magnetic 
fields. In the currently accepted interpretation, this 
indicates a greater diamagnetic shielding of the bridge 
protons. That is, the latter are more hydride-ion like 
than are the terminal protons. The bond coupling con- 
stants for spin-spin interaction of protons and boron 
nuclei are greater for the terminal protons. Such details 
are of value in appraising any valence theory of 
diborane. Attention may also be called to the experi- 
mental differences in chemical shift and bond coupling 
constants between protons in BH; and B2Hg. A more 
hydride-ion like character for the former is suggested. 
The theory of chemical shift of higher atomic number 
nuclei is not yet sufficiently advanced to justify dis- 
cussion of the marked chemical shift for B'' resonance 
between BoH, and BHy, the latter displaying reso- 
nance at higher field. 

The author wishes to acknowledge the generosity of 
personnel of the Shell Development Company, notably 
Dr. Charles Reilly, in making available the indicated 
nuclear resonance spectrometers. Likewise invaluable 
has been the assistance of Dr. James Shoolery, of 
Varian Associates, in studies at 30 megacycles. 
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Extrapolations of Electron Affinities 


H. O. PRITCHARD AND H. A. SKINNER 


Chemistry Department, University of Manchester, 
Manchester, England 


(Received June 22, 1954) 


ARGRAVE! has recently applied an extrapolation of the 
type suggested by Hellmann and Mamotenko? (through 
ascending ionization potentials) to derive a value for the electron 
affinity of the fluorine atom of 83.2+0.3 kcal/mole, in close agree- 
ment with the experimentally observed value (82.2+4) of Metlay 
and Kimball.* As Bates! and Pritchard® have already pointed out, 
the well-known extrapolation method of Glockler® (through ioniza- 
tion potentials in isoelectronic series) gives values for the electron 
affinities of F, Cl, and O which are decidedly low by comparison 
with experimental determinations, and the apparent success of 
Margrave’s extrapolation has caused us to enquire if there is 
special merit in it. 
Margrave assumes that the mean ionization potential e/n of 
an atom or ion with » outer p-electrons may be expressed by a 
cubic equation in (n—1), 


e/n=a+b(n—1)+c¢(n—1)?+d(n—1)', (1) 


where a, 6, c, d are constants for a given nuclear charge Z. It is 
by the inclusion of the term in (w—1)* that (1) differs from the 
formula used by Hellmann. 

We have applied (1) to the systems Z=9, Z=17, n=1, 2, 3, 4, 5, 
and obtained the unknown constants a, 5, c, d by making a least- 
squares fit of the experimental data (taken from the compilation 
by Moore)? to the equation. Results are summarized below: 


Z=9; €/n=920965.7 — 118078.6(n—1) 
+3444.8(n—1)?+107.6(n—1)3 (2) 


e/n (calc.) A 

920 965.7 +13.0 cm™ 
806 439.5 —52.3 cm™ 
699 448.5 +78.6 cm 
600 638.3 —52.5 cm™ 
510 654.5 +13.2 cm™ 
(430 142.7) 


; €e/n=545 982.3—61 291.6(n—1) 
+764.7(n—1)?+98.4(n—1)3 (3) 


e/n (expt.) 
920 952.7 
806 491.8 
699 369.9 
600 690.8 
510 641.3 


e/n (calc.) A 
545 982.3 — 23.0 
485 553.8 +92.8 
427 245.1 — 139.2 
ClIl 371 554.0 371 646.6 +92.6 
ClI 319 371.9 319 348.7 —23.2 
Cl- (270 941.8) 


Equation (2) differs significantly from the corresponding equa- 
tion given by Margrave, and leads to a value for the electron 
affinity of F of 27 515 cm™'=78.6 kcal/mole. In part, the differ- 


e/n (expt.) 
crv 546 005.3 
CLIV 485 461.0 
Cl III 427 384.3 
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ence from Margrave arises from a revision in the ionization poten- 
tial of F from 140 553.5 to 140 524.5 cm™, (now accepted by 
Moore following new spectroscopic studies by Liden*) but the 
main reason for divergence arises from a difference in his method of 
“least-squares fitting” of the experimental data. We have em- 
ployed the standard procedure described by Fisher and Yates.® 
The root mean square deviation from Eq. (2) is 49.0 cm™, com- 
pared with 60.5 cm™ in Margrave’s paper. 

Equation (3) leads to a value for the electron affinity of Cl of 
28 498 cm™!=81.5 kcal/mole. The root mean square deviation 
from (3) is 87 cm™. The best experimental value® for the electron 
affinity of Cl is 88 kcal/mole. Thus, Eq. (1) gives values both for 
F and Cl that are low by some 5-6 kcal/mole. On the other hand, 
Glockler’s extrapolation gives values some 16 kcal/mole too low. 

We have observed that it is possible to fit the fotal energies* 
of ionization in the series FI-FV to the cubic equation. 


€=920 955.2+-804 235.3(n—1) 
— 116 607.8 (n —1)?+-4391.2(n—1)° 


(where «=n. €/n) with quite remarkable fidelity, viz., 


e (calc.) A 


920 955.2 +25 

1 612 973.9 —9.7 

2 098 124.2 +14.5 

2 402 753.3 —9.9 

2 553 208.4 +19 
(2 575 836.7) 


€ (expt.) 

920 952.7 
1 612 983.6 
2 098 109.7 
2 402 763.2 
2 553 206.5 


The root mean square deviation (9.0 cm™) represents a fivefold 
improvement on the fit given by (2) to the same data—but, 
extrapolation to »=6 now gives for the electron affinity 22 496 
cm~!'=64.3 kcal/mole. This failure emphasizes the sensitivity of 
this type of extrapolation. 

Equation (1) has the advantage of partial theoretical justifica- 
tion (see Hellmann),? although it cannot claim to possess the 
finality, e.g., of Hylleraas’” equation for the ionization energies 
of 2-electron atoms. In addition to the test of (1) on the electron 
affinities of F and Cl (where it achieves an accuracy >90 percent), 
we find the equation can be applied with accuracy >99 percent to 
the extrapolation of ionization potentials in Na II (through the 
series Na III—Na VII) and in Mg III (series Mg IV—>Meg VIII). 
But (1) fails dismally when the attempt to extrapolate the second 
electron affinity in O (i.e.,O~+e—O-) is made [see Eq. (5) ]. 


Z=8; ¢/n=624 110.0—98 497.4(n—1) 
+3189.1(n—1)?+227.5(n—1)8 (5) 


e/n (calc.) A 
624 110 —29 
529 029 +115 
441 692 —172 


e/n (expt.) 
OIV 624 138.8 
O III 528 914.6 
Oll 441 864.1 
OI 363 347.2 363 462 +115 
O- 295 735 295 706 —29 
O- 239 788 


The calculated ¢/n for O™ corresponds to a negative value for the 
second electron affinity, 0--O-—39 997 cm=!= — 114 kcal/mole. 
The experimental value [see reference (5) ] is —210 kcal/mole. 


iJ. L. Margrave, J. Chem. Phys. 22, 636 (1954). > 
(1937) Hellmann and M. Mamotenko, Acta Physicochim. U.R.S.S. 7, 127 

3M. Metlay and G. E. Kimball, J. Chem. Phys. 16, 779 (1948); R. B. 
Bernstein and M. Metlay, J. Chem. Phys. 19, 1612 (1951). 

4D. R. Bates, Proc. Roy. Irish Acad. A51, 151 (1947). 

5H. O. Pritchard, Chem. Revs. 52, 529 (1953). 

6 G. Glockler, Phys. Rev. 46, 111 (1934). J 

7 Charlotte E. Moore, Atomic Energy Levels, Vols. I, II, Circular 467, 
Natl. Bur. Standards, Washington. 

8 K. Liden, Arkiv Fysik. 1, No. 9, 229 (1949). a 

9R. A. Fisher and F. Yates, Statistical Tables (Oliver and Boyd, Edin- 
burgh, 1949), p. 23. 

* Measured from the centers of gravity of each configuration s2p”, to the 
limit F VI ('So). 

10 FE. A. Hylleraas, Z. Physik. 65, 209 (1930). 
a* Assuming 2.2 ev for the electron affinity of O (see Pritchard, reference 
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Extrapolation Methods for Electron Affinities 


JoHN L. MARGRAVE 


Department of Chemistry, University of Wisconsin, 
Madison, Wisconsin 


(Received July 8, 1954) 


XTRAPOLATION methods for determining ionization po- 
tentials and electron affinities have been widely applied and 
used. For example, the extrapolation of the average removal 
energy per p electron to the atom or ion of one more # electrons 
has been used for several of the first row elements.! Pritchard and 
Skinner? have pointed out that this extrapolation is greater than 
99 percent accurate for the series of positive ions leading to Na II 
and Mg III. By fitting a cubic equation by least squares to the p 
electron removal energies for the Ne ions (Ne II through Ne VII), 
one can also predict the ionization potential of NeI (electron 
affinity of Ne II) with less than one percent error. It is of con- 
siderable interest obviously to inquire into the validity of this 
extrapolation for atoms which form negative ions by addition of 
electrons. 

The electron affinities of fluorine and chlorine have been ob- 
tained in this manner? and it has been shown that the extrapolated 
values are about 10 percent lower than the experimental values.* 
Although the extrapolations are less reliable because fewer points 
are available for curve fitting, it is interesting to look at the ex- 
trapolated data for oxygen. From the spectroscopic data of 
Moore! for OI through OTIV, one finds the average removal 
energy per 7 electron is given by 


e/n= 624 138.8—99 189.8 (n —1)+3905.6(n —1)?+60.3 (n—1)?, 


where » is the number of / electrons in the atom or ion. Extrapola- 
tion to m=5 (O°) indicates an electron affinity for the oxygen 
atom of 22 kcal/mole in comparison with the experimental value of 
54 kcal/mole. 

Pritchard and Skinner? have fitted their least squares equation 
to five experimental points for p electrons in oxygen atoms by 
using the experimental electron affinity of O, and then extended the 
extrapolation to m=6 (O7). The cubic equation which they ob- 
tained has definitely different coefficients than that given above 
which fits the removal energies for the first four p electrons exactly. 
The main difference is in the magnitude of the term in (m—1)? 
and the term in (n—1)’. The electron affinity for O- computed 
from the equation of Pritchard and Skinner is in very poor agree- 
ment with that computed through termochemical cycles involving 
ionic oxides. 

Some of the reasons for the apparent failure of this extrapolation 
when extended to negative ions seem clear. When one extrapolates 
for the series Mg IV to Mg VIII or Na III to Na VII, all the extra- 
polations merely involve extension to a positive ion of one less 
charge. For the Ne series, only the last step involves the neutral 
Ne atom. For the other cases, however, the extrapolations are 
extended to include electronic arrangements for negative ions and 
new effects, not completely predictable on the basis of positive 
ion and neutral atom energy levels, are important. For the extra- 
polation from O~ to O~, where electrostatic repulsion must play 
an important role, it does not seem at all surprising that this 
simple extrapolation fails completely. 

Spectral extrapolations of this type are not very useful for 
nitrogen or carbon because there are so few experimental points. 
For N atoms, however, this sort of data is all that is available, and 
recalculation after Hellmann and Mamotenko! (fitting the experi- 
mental removal energies with a parabola) with the data of Moore* 
indicates that an electron would be added to a nitrogen atom in a 
slightly endothermic process. Formation of a cubic equation for the 
average removal energies by using coefficients extrapolated from 
those found to fit Ne, F, and O, however, leads one to predict a 
value of 15-25 kcal/mole for the electron affinity of nitrogen. 
Similar extrapolation indicates a positive electron affinity for 
carbon. 

_ Another extrapolation method which may be applied to N and C 
is that of Finkelnberg and Stern. AS (the difference in effective 


atomic number between the ion or atom being considered and the 
ion or atom having atomic number one less) is found by extrapola- 
tion to be 0.75 for (So-—Sy-) and 1.12 for (Sy-—Sc-). These 
values indicate an electron affinity for the nitrogen atom of 26 
kcal/mole and an electron affinity for the carbon atom of 38 
kcal/mole. 


! (a) H. Hellmann and M. Mamotenko, Acta Physicochim. U.R.S.S. 7, 
127 (1937); (b) J. Margrave, J. Chem. Phys. 22, 636 (1954). 

2H. oO. Pritchard and H. A. Skinner, J. Chem. Phys. 22, 1936 (1954). 

3 The constants in the least squares equation in reference 1(b) for the 
fluorine extrapolation are in error and the equation should read 


e/n =920 965.9 —118 076.1 (n —1) +3442.1 (2 —1)2+108.2(n —1)3. 


The extrapolated electron affinity of fluorine is then 78.6 kcal/mole as 
indicated in reference 2. 
- Moore, “‘Atomic Energy Levels,’ National Bureau of Standards, 
€ ircular 467, Vols. I and II. 

5 W. Frinkelnberg and F. Stern, Phys. Rev. 77, 303 (1950). 





Vibration Force Constants of SiO,(CH;), 


Kaoru IGucHI 


Electrical Communication Laboratory, Nippon Telegraph and Tele phone 
Public Corporation, Tokyo, Japan 


(Received August 27, 1954) 


EVERAL authors have investigated the molecular vibration 
of some silicates,!~ but the vibration force constants seem to 
be not yet determined satisfactorily. 

Here we have tried to determine them by evaluating the normal 
vibration frequencies of Si0,;(CH;),4, comparing with experimental 
data. 

The form of the molecule is shown in Fig. 1, and we have treated 


Fic. 1. SiOs(CH3)s molecule. 


0 


the CH; radical as if an atom, because we know well about the 
proper frequencies and force constants of the radical.* The rota- 
tion of CH; radical about Si—O axis may be neglected at low 
temperature. 

The symmetry of the molecule is Va, and the number of ir- 
reducible representations contained in the vibration is A. .four, 
Ag. .one, B,. .two, Be. .four, E. .five; here the rigid rotations and 
translations are excluded. 

As the potential energy V, we have taken the following form: 

4 4 4 4 4 
2V=h J lP+k: J li*+¢-ab Vazt+f-qg TU Bixth TZ gi, 
i=l i=l i=l 1=i<j 1=i<j 
here 
fo -Si-—Ono.i 
’. .Owo.i—CHs 
;. .Si—Owo.i—CH; 
ij- -Ono.i—Si—Ono. ; 
. -Ono.i—Ono.; 


bond elongation, 
bond elongation, 
angle variation, 
angle variation, 
distance variation, 
..Si-O distance= 1.65A, 
..O—CH; distance = 1.43A. 


Using group theoretical method, we can factorize the secular 
equation and the normal frequencies can be evaluated by inserting 
appropriate values for the force constants. We have taken these 
values, 


ki=3.7, ko=5.7, g=0.30, f=0.22, 1=0.06, in 10° dyne/cm. 


For simplicity we have assumed the SiO, to be tetragonal. 






































1938 LETTERS TO 


TABLE I. Calculated and observed wave numbers in cm™. 








Symmetry Ai Ae Bi Be E 





Calculated values 279 -++ 303 292 400 
665 899 825 
1145 1142 1146 
Activity Raman none Raman Raman Raman and infra. 
Observed 642" 4s 302° Od 422> 0d 
Values 8408 2 
11008 1d and 
1200 0d 








® See reference 6. 
» See reference 7. 


TABLE II. Values of force constants (in 105 dyne/cm). 

















ki ke g i h 
Author 3.7 $.7 0.30 0.22 0.06 
Barriol* 4.5 +. 0.7 tee 
Matossi> 4.0 0.38 





* See reference 3. 
b See reference 4. 





The result is shown in Table I and Table II, compared with 
experimental data,®.? and the calculated values of smaller wave 
number are omitted. Our values are a little smaller than others, 
but, in spite of the simple form of potential function and some 
simplifying approximations, the result shows rather good coin- 
cidence with experimental values. 

Details will be later published in the Journal of the Pirysical 


Society of Japan. 


1D. M. Dennison, Astrophys. J. 62, 84 (1925). 

2 C. Schafer, Z. Physik. 60, 584 (1930). 

3 J. Barriol, J. phys. radium 7, 209 (1946). 

4F. Matossi, J. Chem. Phys. 17, 679 (1949). 

5G. Hertzberg, Infrared and Raman Spectra of Polyatomic Molecules 
(D. Van Nostrand Company, Inc., New York, 1945). 

6 J. Weiler, Z. Physik. 80, 617 (1933). 

7R. Signer and J. Weiler, Helv. Chim. Acta 16, 115 (1933). 





Some Remarks to Golden’s Rate Theory 


Iwao YASUMORI AND SHIN SATO 


Laboratory of Physical Chemistry, Tokyo Institute of Technology, 
Ookayama, Meguro-ku, Tokyo 


(Received June 4, 1954) 


HE nature of Golden’s rate theory, with the rate calculation 
of the reaction H:+Br—H+HBr, has been discussed re- 
cently by Golden, Bauer, and Wu.! 

In the discussion Golden stated briefly that his first approxima- 
tion theory using the plane wave function for the translational 
motion is not adequate for the reaction Hp+H—H+Hag, in which 
the zero-point energies of reactants and products are identical. 
We, independently from his work, have calculated the rates of the 
same reaction to examine the validity of his theory and found the 
obtained results to be quite unsatisfactory ;? this calculation gives 
a negative apparent activation energy and too large rates in 
comparison with the observed value and with the estimated one 
by the other theory (Table I). 

The above disagreement seems to originate in the fact: the 
perturbation potential defined in his theory cannot be sufficiently 
small, whereas his first approximation just corresponds to Born’s 
zero-order approximation in collision theory,’ because the wave 
functions in actual calculation express only the nuclear motion in 
a potential field given by the electronic energy of the system. 

Nevertheless, his results obtained for the reaction H2+Br—-H 
+HBr are reasonable.‘ But this seems to depend on the following 
fortuitous reason: the experimental value of the activation energy 
of the above reaction is nearly equal to the zero-point energy 
difference between reactants and products, 17.7 and 16.6 kcal/ 
moles, respectively. Then, by only considering energy conserva- 
tion, the exponential factor in the rate constant k= A exp(— E/RT) 
can be obtained approximately. 
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TABLE I. Rates calculated for the reaction Hz +H —-H +Hzp, 











Temp. °K 300 500 1000 

k(p* =0.12)> 2.1 X1015 16X10 89X10K 
k(p =0.20) 1.7 X10" 1.2 X10" 6.6 X10 

ka®(p =0.14) 7.8 X102 1.8 X107 4.5 X1010 

ka(p =0.20) 4.8 X10" 1.3 X10 1.2 X10" 

Robs x 


107 see 2.2 X1012 





® Coulombic energy fraction in the H —H bond. 

b cc mole! sec. 

¢ Calculated by the absolute reaction rate theory on the same approxi- 
mate interaction potential. 


On the other hand, from Eq. (42) (in his paper Part I) under 
the restriction 


x= (E+E) — (Eo — Ey) 20, (1) 
one obtains as the activation energy E* 
E* = (E,)®) — Ey) 
Ze f- : “f xexp(—x/kT)|I\*dQg(u)dpi*: - -dpss° 


Dy Ee f+ Pexp(—x/kT) | /%dQp(w)dpr-- -dpss* 





+ 


—-E™ Ff (2) 


Then, one can easily find that £* for the reaction H2+Br—-H 
+HBr depends on the first term in Eq. (2) and for the reaction 
H.+H—H-+Hs on the second term. Since the results for the 
latter reaction on the same approximation are quite unsatisfactory, 
it may be unacceptable that the calculation of second term in 
Eq. (2) is valid for the former one. His value 17.0 kcal/mole by no 
means shows that the approximation is suitable. 

For the frequency factor, the matter is rather complicated. But 
the perturbation potential including x as a parameter, can be 
adjusted, so that the calculation may agree with the observed 
rates, since the variation of x does not affect the exponential factor 
so much but the frequency factor markedly. 

Consequently, it seems clear that not only in the case where 
the zero-point energy difference between reactants and products 
is small, but in general, his approximation is not suitable. 

The use of wave function including the repulsion between 
molecules in reactants would suggest some way to improve the 
matter, but it causes considerable change in his formula and will 
be a very complicated work. By the way, Golden’s theory has a 
great advantage to the other phenomenological theory in giving 
some detailed knowledge of a chemical reaction. 

We are grateful to Dr. S. Shida for his helpful encouragement. 
Also we wish to thank Professor S. Golden for his kindness in 
letting us see his reply before publication. 

1S. Golden, J. Chem. Phys. 21, 2071 (1953); E. Bauer and T. Y. Wu, 
coo 2072 (1953). For Golden’s theory, see J. Chem. Phys. 17, 620 


21. Yasumori and S. Sato, Busseiron Kenkyu 69, 37 (1953). 

3N.F. Mott and H.S. W. Massey, Theory of Atomic Collisions (Clarendon 
Press, Oxford, 1949), second edition, Chap. VIII, p. 136; Chap. XII, p. 270; 
Chap. XIV, p. 352. 

4S. Golden and A. M. Peiser, J. Chem. Phys. 17, 630 (1949); 17, 842 


(1949). 





Adequacy of the Born Approximation in the 
Calculation of Chemical Reaction Rates: 
A Reply to Yasumori and Sato 


SIDNEY GOLDEN 
Brandeis University, Waltham, Massachusetts 
(Received June 28, 1954) 


_— preceding note, which the authors kindly let me see 
prior to publication, contains a criticism of the use of 
Born’s approximation in calculating chemical reaction rates. The 
present note supports that criticism. 
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Calculation of the thermal ortio-para conversion rate of hy- 
drogen in terms of the formulation employed for the reaction of 
hydrogen molecules and bromine atoms led to negative activation 
energies.!* The results noted in reference (1) were obtained for 
temperatures in the vicinity of 1000°K. They could be summarized 
by the rate constant expression.* 


k(para—ortho) =e exp(—1100/RT) cc mole sec™, 
where the symbols have their usual meaning. This expression 
yields results which differ from the values reported by Yasumori 
and Sato* by a more or less fixed factor (of about three), in- 
dicating substantial agreement particularly as to temperature 
coefficients. 

Further concordance with the results of reference (2) is found 
in the relative importance of excited vibrational states: for mole- 
cules in the ground vibrational state leading to transitions 
(para—ortho) resulting in molecules in the first excited vibrational 
state the rate at 1000°K relative to that leading to vibrationally 
unexcited molecules was 1.1107‘; for molecules initially in the 
first excited vibrational state leading finally to molecules similarly 
excited the value was 1.6X10~*. The value reported by Yasumori 
and Sato? for a representative pair of rotational states, with a 
singly excited vibrational final state only, is 0.3X10~*. While 
Yasumori and Sato report the rate of all interchanges: H.+H— 
H.+H, and the results alluded to in reference (1) (and elaborated 
here) pertain to the para—ortho transitions, it seems clear that 
both investigations lead to substantially the same results—and 
the same conclusions. 

To assess further the applicability of the Born approximation, 
a “second-order” treatment was carried out in which the essential 
departure from the conventional Born approximation was to 
take into account the physical scattering of the hydrogen molecule 
and atom. For two typical pairs of rotational states (K=2, L=1; 
K=6, L=3), with reactants and products in the ground vibra- 
tional state, the second-order result was a factor of (6X10'; 
2X10*) the first-order result. These results unquestionably rule 
out the applicability of the Born approximation in this case. 

As to criticism of the results obtained for the reaction H,+Br— 
H+HBr,®> the remarks of Yasumori and Sato are well made. 
Those which relate to the frequency factor have already been 
emphasized in reference (5). Those which relate to the activation 
energy are, in my opinion, completely valid. However, the results 
of the investigation by Bauer and Wu® pertaining to the trans- 
lational wave functions in this case suggest that the Born approxi- 
mation is perhaps not as inadequate here as might have been 
imagined. In any case, considerations of this sort should not 
detract from the general conclusions reached by Yasumori and 
Sato. 


'S. Golden, J. Chem. Phys. 21, 2071 (1953). 

?1. Yasumori and S. Sato, Busseiron Kenkyu 69, 37 (1953). 

$T hese unpublished results, as well as others referred to herein, were ob- 
tained in collaboration with Dr. A. M. Peiser and Dr. S. Katz under ONR 
contract N9onr-86101 with Hydrocarbon Research, Inc. 

‘I. Yasumori and S. Sato, preceding note, Table I, with p =0.12. 

°S. Golden and A. M. Peiser, J. Chem. Phys. 17, 630 (1949), 

°F. Bauer and T. Y. Wu, J. Chem. Phys. 21, 726 (1953); 21, 2072 (1953). 





Infrared Spectral Studies of BrF; and BrF;} 
H. M. HAENDLER, S. W. BUKATA, AND B. MILLARD, Department of Chemisiry, 
University of New Hampshire, Durham, New Hampshire 
AND 


E. I, GOODMAN AND J. LittMan, Chemical’ Engineering Division, 
Brookhaven National Laboratory, Upton, New York 


(Received August 30, 1954) 


HE extreme chemical reactivity of bromine trifluoride and 

pentafluoride hinders satisfactory measurement of their 
infrared spectra. Resistant window materials are not sufficiently 
transparent, and transparent window materials lack stability. 
Consequently, the region available for study is limited. 
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Fic. Infrared spectra of liquid BrF; and BrF; in the CaF range. 


Sodium chloride, potassium bromide, barium fluoride, and silver 
chloride are attacked by these interhalogens. It had been hoped 
that the recently developed barium fluoride could be used, but 
the windows became etched immediately, possibly with resultant 
formation of Ba(BrF,)2. Calcium fluoride, however, retains 90 
percent or more of its transmittance even after repeated exposure 
and was used for windows to measure the spectra of liquid bromine 
trifluoride and bromine pentafluoride from 2.5-9.5 uw. The solubility 
of calcium fluoride in bromine trifluoride is considerably less than 
that of barium fluoride." 

The results are given in Table I and Fig. 1. Raman and infrared 
data have been given by Stephenson and Jones? for the bromine 
pentafluoride fundamentals, and the bands reported here fall well 
into the overtone and summation region. Although silver chloride 
is attacked readily by bromine trifluoride, it was possible to obtain 
an indication of strong absorption in the range 600-670 cm™, 
where the fundamentals would be expected, by using low vapor 
concentration. 

The bromine fluorides, obtained from the Harshaw Chemical 
Company, were purified by distillation in a nickel column, packed 
with nickel “Heli-pak” (Podbielniak). The proper fraction was 
distilled directly into the cell which had been pretreated with 
chlorine trifluoride. The cells were of Monel, patterned on a 
Perkin-Elmer sealed liquid cell, with Monel valves. Three and 
ten mil Teflon spacers were used with the calcium fluoride windows. 
A Perkin-Elmer 12-C spectrometer was used, and some runs were 
checked on a model 21 spectrometer by Perkin-Elmer. 

A band of variable intensity occurred at about 3450 cm™! 
(2.9 ») in the bromine trifluoride runs. Absorbance measurements 
were made at several wavelengths, using the Perkin-Elmer densi- 
tometer attachment and cells of different path length. Calculated 
absorptivities agreed at all frequencies except 3450 cm™. Kel-F 
(chlorotrifluoroethylene polymer) is sufficiently transparent in 


TABLE I. Infrared bands of BrF3 and BrFs. 








Bromine trifluoride Bromine pentafluoride 


em cm” 
1337 1355 
1250 1298 
1154 1187 








this latter region to permit its use as a window. In that test, the 
band was still present; thus, window attack is not involved. 
When BrF; was exposed by surface contact to HF vapor, the 
resultant liquid gave a greatly enhanced 3450 cm™ band, varying 
in intensity with different exposures to HF. It thus seems possible 
that traces of HF form a complex with BrF; similar to that re- 
ported for HF and CIF;.* 


7 Research carried out under the auspices of the U 
Commission. 

1 Sheft, Hyman and Katz, J. Am. Chem. Soc. 75, 5221 (1953). 

2C. V. Stephenson and E. A. Jones, J. Chem. Phys. 20, 1830 (1952). 

3 J. P. Pemsler and D. F. Smith, Report K-1096, K-25 Plant, Oak Ridge, 
Tennessee, January 29, 1954. 


. S. Atomic Energy 








1940 


Radiochemical Measurements of the Natural 
Fission Rate of Uranium* 


P. K. Kuropa Anp R. R. Epwarps 


Department of Chemistry, University of Arkansas, 
Fayetteville, Arkansas 


(Received August 27, 1954) 


ECENT mass spectrometric analyses of the stable fission 

product gases in uranium minerals'~* have indicated that 
neutron-induced fission makes a significant contribution to the 
total fission occurrence in pitchblendes. However, uncertainty 
concerning possible loss of gaseous products over the lifetime of 
the mineral has prohibited a reliable estimation of the total fission 
rate from these data. 

In an attempt to obtain the current total (spontaneous plus 
neutron-induced) fission rate in a common uranium mineral, we 
have isolated about 40 mg of strontium (as the carbonate) with- 
out added carrier from 2.5 kg of Great Bear Lake pitchblende 
(41.70 percent U;O3). The sample was decontaminated from 
radium and barium activities by repeated additions of barium 
carrier, followed by barium chromate precipitations, until the 
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Fic. 1. Growth and decay of Sr fraction. (a) Growth of Y%”, decay of Sr39; 
(b) decay of Y%”, 


barium chromate activity became negligible. Similar operations 
were performed with bismuth carrier (precipitated as the sulfide), 
and lanthanum carrier (precipitated as the hydroxide) until all 
activity following these carriers was removed. The strontium was 
then precipitated as the carbonate and mounted on aluminum for 
measurement. with an end-window Geiger tube. Recovery of the 
strontium was about 65 percent. 

Results of the radioactivity measurements are shown in Fig. 1. 
The initial rise is presumably due to the growth of the 61-/ Y®, and 
the final decay appears to be that of the 55-d Sr®*. The sample was 
redissolved, and a lanthanum hydroxide precipitation was per- 
formed, yielding a sample showing, within experimental error, 
the decay of Y®. 

Assuming a fission yield of 5 percent for Sr®, the data indicate 
(1.30.1) 10-" curie Sr®/g. U?58, corresponding to an over-all 
fission half-life of (5.9+0.6)X10!5 years. A value of (6.11.5) 
X10"* years was obtained from the Sr®*/U8 ratio, assuming a 
fission yield of 4.5 percent for Sr®*. Taking the value of Segré,‘ 
(8.04+-0.3) X10" years, for the spontaneous fission half-life of 
U8, the contribution of neutron-induced fission is estimated to be 
about 25 percent. This compares with the value of 35 percent 
reported by Wetherill’ for Belgian Congo pitchblende. However, 
considerable discrepancy exists in the reports of the spontaneous 
fission half-life, values between 10° and 10!” years having been 


reported.® 
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It is worthy of note that the Sr*°/Sr™ activity ratio in the experi- 
ment reported here is near unity, as would be expected for fission 
products in equilibrium with the fission process. Sr®® should pre- 
dominate over Sr® by factors up to 135 in nuclear detonation 
fission products of recent vintage. 

Measurements of the Sr*9/U?58 ratio in samples of uranium 
metal and uranium acetate have indicated a fission half-life of 
about 2X10" years for each. In these samples Sr® was barely 
detectable, presumably because the samples were young relative 
to its half-life of about 20 years. Because of the uncertain history 
of these samples it is difficult to attribute any significance to the 
lower apparent value of the fission half-life. We propose to attempt 
a radiochemical determination of the spontaneous fission half-life 
under conditions minimizing the contribution of neutron-induced 
fission. 


ba This work was supported in part by the U. S. Atomic Energy Com- 
mission. 

1J. Macnamara and H. G. Thode, Phys. Rev. 80, 471 (1950). 

2W. H. Fleming and H. G. Thode, Phys. Rev. 90, 857 (1953). 

3G. W. Wetherill, Phys. Rev. 92, 907 (1953). 

4E. Segré, Phys. Rev. 86, 21 (1952). 

5G. N. Flerov and K. A. Petrzhak, J. Phys. (U.S.S.R.) 3, 275 (1940); 
Phys. Rev. 58, 89 (1940). 





The Reaction Zone in Gaseous Detonations 
G. B. KistTIAKowWSKY AND PAuL H. Kypp 


Gibbs Chemical Laboratory, Harvard University, Cambridge, Massachusetts 
(Received August 2, 1954) 


IRECT evidence in support of the Zeldovitch-van Neumann 
theory of the reaction zone in detonation waves has been 
obtained in the form of density vs time records by the x-ray ab- 
sorption method.! The theory states that the detonation wave 
consists of a shock moving at the detonation velocity and leaving 
heated and compressed gas behind it. The chemical reaction then 
starts and as it progresses the temperature rises and the density 
falls, till they reach the Chapman-Jouguet values and the reac- 
tion attains equilibrium. A rarefaction wave then sets in, whose 
steepness depends on the distance traveled by the wave.?> The 
density vs time relation, observed as a wave moves by a fixed plane 
normal to the tube axis, should show a virtually discontinuous‘ 
rise from the initial density to the value characteristic of the 
initial shock and then a decrease to the Chanman-Jouguet value, 
the form of the decrease depending on the kinetics of the reactions 
occurring. 

With an improved apparatus similar to that described in refer- 
ence 1, using mixtures of 70 percent H2 and 30 percent O, with 
sufficient Xe (10-15 mm) to give adequate x-ray absorption, the 
reaction zone has been consistently observed at sufficiently low 
reactant pressures. The waves in these mixtures were produced 
by detonating equimolar acetylene-oxygen mixtures, introduced 
at slightly higher pressures and separated from the Knallgas by 
thin diaphragms. [onization gauges® placed along the tube demon- 
strated that the resultant waves were plane and normal to the 
tube axis and had attained a steady velocity. Below 20 mm the 
gauges performed less satisfactorily and only the velocity could be 
determined. The resolving power of the x-ray equipment was 
limited by the width of the beam (1.5 mm20.7 usec) and the 
residual nonplanarity of the wave front (3 mm=1.5 usec). 

The duration of the reaction zone is found to be related to the 
pressure of the reactant gases. At pressures above 1/5 atmos, no 
evidence of the spike has been obtained with the present resolving 
power. At 115 mm it begins to be visible as an abnormally sharp 
rise in the wave front and at 75 mm the spike is fully developed. 
Its appearance at 65 mm and at 20 mm is shown in Fig. 1 of the 
CRO record. The rarefaction wave following the Chapman- 
Jouguet state is not obvious in these tracings because of the 
length of the explosion tube used and the short duration of the 
CRO sweep. Rough estimate indicates that the duration of the 
reaction zone is inversely proportional to the square of the reactant 
pressure over the range 115-15 mm. 
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Fic. 1. Density vs time records at 65 mm reaction pressure (upper 
tracing) and 20 mm (lower tracing). Ordinates are density in multiples of 
initial density, abscissas are time in microseconds. 


Experiments with 71 mm 2H2—O: and 309 mm A rather than 
12 mm Xe give no evidence of the reaction zone, implying that 
added rare gas increases the reaction rate even though it lowers the 
shock temperature. 

The spikes show no evidence of induction periods, the density 
decreasing as soon as the highest value is attained. The density 
scale in the tracings is in multiples of the initial density. A sim- 
plified hydrodynamic treatment assuming constant specific heat 
and no dissociation yields the following results for the two mix- 
tures shown: 


Mixture Chapman-Jouguet 
Reactants Xe Shock density density 
65 mm 10 mm 5.4 do 1.7 do 
20 mm 15 mm 4.8 do 1.7 do 


where dp is the initial density. In no case yet studied does the peak 
density attain the expected shock value, due, presumably, to the 
finite resolving power of the equipment, coupled with a high initial 
rate of reaction. 

This work is being continued. It has been supported by the 
Office of Naval Research (Contract N5ori-76, T.O. XIX, NR-053- 
094). Thanks are also due Mr. Roger Humberger who constructed 
much of the equipment used, to the General Electric x-ray Cor- 
poration for the gift of an x-ray tube, and to the Linde Air Products 
Company for the gift of xenon. 


1G. B. Kistiakowsky, J. Chem. Phys. 19, 1611 (1951). 

2G. I. Taylor, Proc. Roy. Soc. (London) A2 0, 235 (1950). 

3G. B. Kistiakowsky and Paul H. Kydd (to be published'. 

4E. F. Greene and D. F. Hornig, J. Chem. Phys. 21, 617 (1953). 
5H. T. Knight and R. E. Duff, Rev. Sci. Instr. (to be published). 





N'® Isotope Shift of the Perpendicular Bending 
Frequency in KNO; and NaNO;7{ 


J. C. Decrus 
Department of Chemistry, Oregon State College, Corvallis, Oregon 
(Received August 30, 1954) 


N the course of studies of the N' isotope effect in several 
crystalline nitrates we have observed some striking dissimi- 
larities between the infrared absorption of KNO3 and NaNO; as 
Nujol mulls in the 12-p region. As shown in Fig. 1, at 50-50 
N“—N}* composition, NaNO; yields two simple, sharp peaks 
whose frequencies (836.1 and 814.4 cm=) almost exactly satisfy 
the Teller-Redlich ratio: experimental ratio=0.9740, theoretical 
ratio=0.9739. Moreover, the relative intensities of absorption 
are certainly qualitatively, and probably quantitatively, in the 
expected ratio. 
KNO; behaves quite differently. The N™ region is split into two 
partly resolved peaks, while three distinct maxima occur in the 
N" region. Moreover, with gradual increase in the N"® concentra- 
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Fic. 1. Infrared goin of Nujol mulls of NaNO; and KNO; in the 
12-p region; N45:N"4 :1. The dotted lines indicate positions of N™ peak 
in natural NaNOs3 and TKNOs. 


tion, the center of gravity of the N“ region moves towards higher 
frequencies, while that of the N'® region moves towards lower 
frequencies. An even more striking difference in the spectra of the 
two salts is the much greater apparent intensity of the absorption 
in the N® region in the case of KNO;. 

The N" peak is definitely observable in natural KNO; at 811 
cm“. If one calculates this frequency with the aid of the product 
rule, the result is 804.2 cm™, in significant disagreement with the 
observed value. 

X-ray diffraction studies' have shown that the closest pairs of 
NO>" ions occur at distances of 3.225 A in KNO; and at 5.064 A in 
NaNO;; in the former case the planes of the ions are perpendicular 
to their mutual threefold axis,? while in NaNO; the nearest neigh- 
bors are coplanar. We believe that the phenomena described 
above can be explained in terms of the interaction energy between 
the dipoles of the nearest neighbor ions, produced during the 
vibration in the vz mode. The inverse cube dependence upon the 
distance accounts primarily for the existence of observable effects 
in KNOs, where the NO;~ ions are relatively close together. 
The introduction of N' atoms perturbs the lattice symmetry and 
breaks down the selection rule which otherwise permits absorption 
only in that mode in which all out-of-plane bending vibrations 
occur with identica] phase. Since such a totally symmetric mode 
necessarily has the lowest frequency in the v2 branch for the dipole- 
dipole coupling considered here, it is evident that introduction of 
N? will shift the absorption in the N“™ region to somewhat higher 
values, as observed. 

We have estimated the magnitude of the dipole derivative from 
these effects and find (0u/05)9~0.9 debye/A, where 6 measures 
the displacement of nitrogen perpendicular to the plane of the 
oxygens. This may be compared with a value of 0.985 debye/A 
for the bending mode of COz,? expressed in similar units. A more 
detailed development of the theory yields a qualitative explana- 
tion of the observed inequality of intensities. 

Studies on other nitrates and carbonates (BaCO; exhibits 
effects very similar to those observed in KNOs) are in progress, 
and a more detailed report on the theory and KNO; measurements 
is being prepared. Needless to say, these effects are of considerable 
significance in connection with the use of infrared absorption in 
measurements of the N'°/N" isotope ratio. 

The author wishes to thank E. I. du Pont de Nemours and 
Company for a Summer Research Grant which has permitted 
continuation of these studies. 

+ Presented in part at the June, 1954, Symposium on Molecular Spectros- 
copy “ Molecular Structure, Ohio State Univ ersity, Columbus, Ohio. 

G. Wyckoff, Crystal Structures (Interscience Publishers, Inc., 
we. vork, 1948). 

2 Here we neglect the slight perturbation which reduces the ‘‘free mole- 
cule’? symmetry in the aragonite-type lattice, since we are concerned with 
an out-of-plane mode. 


3D. F. Eggers, Jr., and B. L. Crawford, Jr., J. Chem. Phys. 19, 1554 
(1951). 













1942 LETTERS TO 


The Microwave Spectrum and Molecular 
Structure of (CH;);,SiFf 


R. C. Gunton, J. F. OLLom, AND H. N. REXROAD 


Department of Physics, West Virginia University, 
Morgantown, West Virginia 


(Received August 8, 1954) 


HE rotational lines of trimethylfluorosilane were observed 
with a Stark-modulation microwave spectrograph employ- 

ing a 3-meter x-band absorption cell. An oscilloscope presentation 
was used. The frequencies of the observed transitions are given in 
Table I. The lines lie very nearly in a harmonic series character- 











Frequency in mc/sec 


27 287.8 +0.3" 


Transition 


J =3 4 





34 088.6 +0.5 
34 094.9 +0.5 
34 109.8 +0.3* 
34 133.4+0.3 
34 148> 

34 171» 

34 219.0+0.5 


40 906.3 +0.3 
40 913.0+0.5 
40 931.6 +0.3* 
40 959.4 +0.5 
40 977» 

41 008» 

41 062.5 +0.5 


J =45 


J=5-6 


» Groups of unresolved lines several megacycles wide. 


istic of a symmetric-top rotor and similar to that of (CH3)3SiC1.' 
In each transition a number of lines were observed which appear 
to originate from molecules in different vibrational states. The 
most intense line in each transition is assumed to be due to the 
ground vibrational state. The separation of the lines in a given 
transition appears in this molecule to be too great to be explained 
as a resolution of the K components. The ground vibrational states 
are nearly equally spaced indicating negligible centrifugal distor- 


TABLE II. Rotational Constants and structure. 











Bo(mc/sec) Ip( X10" gem?) dsgir 
3411.00 +0.03 245.943 1.55A 
(Assumption in calculating doje: dcp =1.093 A, dgic =1.87 A 

and all angles tetrahedral). 





tion constants. No quadrupole hyperfine structure is possible. A 
change in isotopic species of the silicon atom has a negligible effect 
since the latter is very close to the center of mass of the molecule. 

The ground state line in each transition is of the order of 2 mc 
wide, whereas the other lines are at least twice as wide. There 
appear, as indicated in Table I, groups of several unresolved lines 
which are about 8 mc wide. Some of this vibrational structure is 
very likely due to the possible torsional modes of oscillation of the 
three methyl groups. An attempt will be made to elucidate this 
structure. 

Values of the rotational constants are given in Table IT. 


+ Supported by the Office of Ordnance Research, U. S. Army. 
1 Mockler, Bailey, and Gordy, J. Chem. Phys. 21, 1710 (1953). 





Sodium and Potassium Cation Dependence of the 
Infrared Absorption of COO~ + 


MrrRIaAM MICHAEL STIMSON 
Department of Chemistry, Siena Heights College, Adrian, Michigan 
(Received September 10, 1954) 


HE examination in solid KBr! of a number of benzoic acids 
and their ammonium, sodium, and potassium salts shows 
considerable difference in the spectral response to salt formation 
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between the ammonium compounds and the alkali salts. In the 
former there is only partial loss of the COOH bands although 
there is also characteristic COO~ absorption, as determined by 
a comparison with the absorption spectrum of the free acid under 
the same methods of sample preparation. The data for the am- 
monium salts will be reported elsewhere. 

Sodium benzoate has been reported by Davies and Jones,? who 
have assigned the band at 1411 cm™ (7.09) to the symmetrical 
COO~ vibration and the band at 1554 cm™ (6.43 u) to the asym- 
metric vibration. We have studied the corresponding bands in a 
number of substituted benzoic acids, and the deformability of the 
anion by the sodium or potassium cation’ seems to be indicated 
by the displacement of these bands as shown in Table I. This 














TABLE I. 
COO- Band COO- Band 
Asym. Sym. Asym. Sym. 
Compound in microns Sep’n. in em~! Sep’n. 
Sodium benzoate 6.44) 7.08) +0.54 1554) 1413 —141 
0 }-+0.08 m1) —15 
Potassium benzoate 6.44} 7.16) +0.72 1554) 1398 —156 


Sodium m-amino- 


benzoate 6.40) 7.10) +0.70 1563) 1410) —153 
Kats ; >—0.02 >-+0.0 +3 —10 
Potassium m-amino- 6.38} 7.14} +0.76 1566} 1400 —166 

benzoate 
Sodium o0-amino- 
benzoate 6.55) 7.16) +0.51 1518} 1398 —120 
: $—0.03 >+0.0 b-+17 —§ 
Potassium o-amino- 6.52} 7.20} +0.68 1535} 1390 —145 
benzoate 
Sodium p-amino- 
benzoate at oo. +0.62 1540 1410} —130 
: —0.06 +0.02 +15 }—10 
Potassium p-amino- 6.44 7.14} +0.70 1555} 1400} — 155 


benzoate 





deformability is expressed by the separation of the asymmetric 
and symmetric vibrations and is more pronounced for the potas- 
sium salts. 

The second regularity is the direction of the displacement of 
the asymmetric and the symmetric vibration bands. The former is 
shifted toward shorter wavelengths under the influence of the 
potassium ion, whereas the symmetric vibration shows a dis- 
placement toward longer wavelengths. 

Changing the position of the second substituent on the ring 
shows that the ortho- and the para-positions are more effective 
than the mefa-position in shifting the entire COO~ absorption, 
and of the two the ortho-position is more influential, when the 
substituent is the NH» group. These investigations are being 
extended to the salts of other organic acids to determine the con 
tribution of adjacent areas of high-electron density on the de- 
formation of anions. 

+ This work has been supported in part by the Research Corporation and 
the American Cancer Society upon recommendation of the Committee on 
Growth of the National Research Council. 

1M. M. Stimson and M. J. O'Donnell, J. Am. Chem. Soc. 74, 1805 
(1952); U. Scheidt and H. Reinwein, Z. Naturforsch. 76, 270 (1952). 

2M. Davies and R. L. Jones, J. Chem. Soc. 1954, 120. 


3K. Fajans, Radioelements and Isotopes: Chemical Forces and Oplical 
Properties (McGraw-Hill Book Company, Inc., New York, 1931), Chap. IV. 





Concerning the Coexistant Phases in the System 
NaCl—H:;0 above 374°C 


JAMES FocGo, SIDNEY W. BENSON, AND CHARLES S. COPELAND 


Chemistry Department, University of Southern California, 
Los Angeles 7, California 


(Received September 3, 1954) 


N a recent note to the editor of this journal, Corwin and Owen' 
have suggested that the conductivities in the supercritical 
system NaCl—H,0, recently reported from this laboratory,” 
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represented average values for a two-phase system rather than 
for a one-phase system as originally proposed by us. 

These conclusions of Corwin and Owen seem to be based entirely 
on impedance measurements made earlier by themselves and 
Swinnerton.’ In restricting themselves in this way they seem to 
have ignored the rather large body of quantitative data on the 
phase behavior of this two component system‘? which in our 
opinion are quite conclusive in establishing the coexistence region 
for the two phases. These data, to the extent that they overlap are 
consistant with each other, represent independent methods of 
measurement (including direct visual observation on sealed tubes) 
and show that all of the solutions used in our own conductivity 
measurements? were one-phase systems. (This was stated ex- 
plicitly in the paper.) 

Corwin and Owen have inferred that after agitation of the 
contents of our cell the conductivities varied in a manner con- 
sistant with the separation of two phases. This is a rather sur- 
prising inference since we had stated quite explicitly’ that the 
maximum variation in conductance between the first and last 
measurement (at 1000 cps) was about 0.2 percent, hardly indica- 
tive of phase separation. 

There is, however, a real need for agitation in these systems if 
one is to obtain reproducibility. Casual observations on our own 
cells have shown differences in conductance in the range 1-10 per- 
cent before and after agitation. That these differences do not 
arise from phase separation is shown by the fact that we have 
observed them with pure water above its critical temperature. 
In our opinion these differences arise from thermal gradients which 
can produce rather large density gradients near the critical tem- 
perature. In fact these effects are always most pronounced in the 
neighborhood of the critical temperature (and in the region of 
maximum compressibility above the critical) and decrease as the 
temperature rises. Finally we have always noted that the changes 
in conductance produced by agitation are invariably accompanied 
by a change in pressure, again indicative of the smoothing out of a 
thermal gradient rather than a phase separation. 

!J. T. Corwin and G. E. Owen, J. Chem. Phys. 22, 1257 (1954). 

* Fogo, Benson, and Copeland, J. Chem. Phys. 22, 212 (1954). 

—_— Owen, and Corwin, Discussions Faraday Soc. 5, 172 

4 Copeland, Silverman, and Benson, J. Chem. Phys. 21, 12 (1953). 

* A, Olander and H. Liander, Acta Chem. Scand. 4, 1437 (1950). 

® E. Schroer, Z. physik Chemie 129, 79 (1927). 


7F. G. Straub, University of Illinois, Bull. 43, 59 (1946). 
* Reference 2, Page 213, column 2. 





Matrix Isolation Method for the Experimental 
Study of Unstable Species 


Eric WHITTLE,* Davip A. Dows,t AND GEORGE C. PIMENTEL 
Department of Chemistry and Chemical Engineering, University of California, 
Berkeley, California 
(Received September 7, 1954) 


N the study of free radicals and other unstable substances, an 
inherent difficulty is the maintenance of a suitable concentra- 
tion. The matrix isolation method proposed here involves accumu- 
lation of a reactive substance under environmental conditions 
which prevent reaction. The intent of the method is to trap active 
molecules in a solid matrix of inert material, crystalline or glassy. 
[f the temperature is sufficiently low, the matrix will inhibit 
diffusion of the trapped ‘molecules, thus holding the active mole- 
cules effectively immobile in a nonreactive environment. 

The active material can be produced in a variety of ways: by 
chemical reaction involving two reactants, by pyrolysis, by disso- 
ciation in a glow discharge or an arc, or by photolysis. Only the 
last permits forming the active molecules afler the trapping process 
has been carried out.! Otherwise it is necessary to produce the 
active material and to trap it in the matrix shortly thereafter. 
This can be accomplished by spraying a gas mixture of the matrix 
and the active species onto a surface cold enough to condense the 
matrix immediately. If the mole ratio of matrix to active sub- 
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TABLE I. Tests of the matrix isolation method. 
M A Tempera- Success of 
Matrix Active species ture M/A isolation 
Xe NH; 66°K 82 No 
Xe HN: 66°K 100 No 
COz HN; 85°K 70 Partial 
CO2 NHwN; 85°K 70 Partial 
CCl HN; 85°K 100 Yes 
85°K 40 No 
Methylecyclo- 
hexane NO: 115°K 100 Yes 
115°K 50 No 





stance, hereafter called M/A is sufficiently large the matrix will 
isolate trapped molecules and prevent recombination reactions. 

Several experimental tests of the method have been performed. 
One experiment indicated that the trapping process can occur 
even when the trapped material would not condense without the 
matrix. A mixture of carbon tetrachloride (the matrix) and 
methane was prepared with M/A =50. At a pressure below ten 
microns the mixture was condensed on a silver chloride window 
at 72°K. The infrared spectrum of the resulting solid film showed 
that a large fraction of the methane was trapped even though 
the vapor pressure of methane at this temperature is several 
millimeters. 

Experiments testing the effectiveness of the matrix in prevent- 
ing reactions were conducted using several matrix materials. 
The active materials were either NO» or one of the hydrogen 
bonding materials NH3, HN;, or NHyN;. The 2NO2= N20, equi- 
librium involves an easily accessible free radical, NOs, and both 
NO: and NO, have well-known infrared spectra. Reaction of the 
other materials is detected by the spectral shift of bands accom- 
panying hydrogen bond formation. Table I indicates the experi- 
ments performed and the success of isolation as indicated by the 
infrared spectra of the trapped materials. The isolation was con- 
sidered to be successful if the spectrum showed the presence of 
NO: or, for NH;, HN;, and NH,N;, the absence of hydrogen 
bonding. 

Xenon is not effective as an isolating matrix at 66°K. (Pre- 
liminary experiments using xenon as a matrix at 29°K indicate 
that it is effective at this temperature.) The experiments indicate 
that the ratio M/A should be 100 or greater. 

The technique has been applied to the study of unstable products 
of the glow discharge decomposition of hydrazoic acid, and the 
low temperature spectral techniques and equipment will be 
described there.? It is apparent that conditions can be found for 
each of the matrices CO2, CCly, and methylcyclohexane (and prob- 
ably also for xenon) for which the method is successful. Hence the 
matrix isolation technique should be useful in spectral, magnetic 
or dielectric studies of free radicals, reaction intermediates and 
other unstable species. 

* Present address: Chemistry Department, University College, Cardiff, 
Great Britain. 

+ Present address: Chemistry Department, Cornell University, Ithaca, 
New York. 

1Lewis ef al. utilized glassy matrices to study suspended materials 
produced by photolysis or photoexcitation. Lewis, Lipkin, and Magel 
proposed that the absorption of light by the suspended material may result 
in the production of radicals, but their interest lay with the products of 


photoexcitation [see J. Am. Chem. Soc. 63, 3005 (1941) ]. 
2 Dows, Whittle, and Pimentel (to be published). 





Polymorphism in Solution of cis- and 
trans-$-Methoxy-p-Nitrochalcone 
YOSHIYUKI URUSHIBARA, Fuyrro IimuRA, AND KENRO IKEDA 


Department of Chemistry, The University of Tokyo, Bunkyo-ku, Tokyo 
(Received August 27, 1954) 


EVERAL studies! have been reported on the polymorphism 

of chalcone derivatives. However, only a few recent works? 
referred to their absorption spectra. By uv spectral study, Eistert 
and his co-workers’ found that the stable 8-methoxy-chalcone 
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melting at 65° was a cis-form* in solution, while other two labile 
polymorphs melting at 78° and 81°, respectively, were the same 
trans-form with no distinction in their spectra. A systematic 
study® of various nitrosubstituted chalcones showed that the uv 
spectra of these compounds were better interpreted by assuming 
the contribution of the following resonance forms: 
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cis-form 


A 6 methoxy or a 6-hydroxyl group has to do almost nothing 
with the absorption spectra of trans-form as shown by several 
researches.® Lutz e¢ al.7:8 discussed the configuration of cis- 
chalcone and related compounds from their uv spectra and steric 
inhibition of coplanarity of z-electron system in the cis-form. 

In our studies on 8-methoxy-f-nitrochalcone, the maxima of 
absorption of all polymorphs were found at the expected places, 
i.e., at 310-320 my in the ¢rans-forms and at 260-270 my in the 
cis-forms. 

By systematic precipitation and recrystallization from various 
solvents, ten crystalline varieties of cis-forms were obtained which 
gave five different uv absorption spectra in heptane showing the 
existence of five species in solution (see Table I). No other intense 
absorption than those with maxima at 250-270 my were observed 
in long wavelengths, and all these species are regarded as cis- 
forms. Five ¢rans-forms could be prepared by irradiation of cis- 
forms in either solution followed by separation by making use of 
the differences in solubilities. They showed expected absorption in 


TABLE I. Polymorphism and ultraviolet absorption spectra of 
8-methoxy-p-nitrochalcone. 











M.p. Amax (mu) Stability Amax (my) Amax (my) Stability 
°Cs inz-heptane in heptane in alcohol in CHCl; in CHCl: 
57-60 rather 
88 245 (1.45)¢ stable 249(1.60) 252(1.60) 
55-58 ‘ equilib. 
67-69 251(1.45) 260(1.70) p.t. 
cis- 263 (1.60) 
form og 260(1.70) 
8-81 most stable 
89,5-90,5> 255(1-65) (cq equilib. 265(1.60) 
97> p.t.) 
117-120 260(1.80) 
132-135 264(1.80) 266.5(1.60) father 
78-81 difficultly 252(1.70) 
125-128 soluble 325 (1.00) 
65.5-67 255 (1.40) 262 (1.40) 
308 (1.30) 313(1.30) 
trans- 
form 107-110 262(1.70) 267 (1.40) 
311(1.30) 316(1.20) 
70-72 difficultly 320(1.30) 
soluble 








® Unsharp M.p. of some species may be ascribed to the increased ve- 
locity of transition at elevated temperatures. 

b Confirmed to be a pure polymorph, and not a mixture by x-ray analyses. 

¢ In brackets: molecular extinction coefficient X1074. 
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long wavelengths (see Table I). From the results of our spectral 
investigations, it followed that 6-methoxy-p-nitrochalcone is able 
to exist in several quasi-stable constellations retained even in 
solution. 

Furthermore, we have obtained several evidences indicating 
that these polymorphs exist as monomers in solution. Namely, 
(i) absorption spectra of each species in three different solvents 
generally show the same features including ordinary solvent 
effect ; (ii) the similarity in solubilities is observed in all the species; 
and (iii) on irradiation, solutions of respective species undergo 
stepwise transition through two relatively stable states, finally 
turning to one and the same equilibrium mixture, and merely being 
left in a dark place for a long time in heptane solution or being 
dissolved in polar solvents such as chloroform or alcohol, some of 
the groups giving different spectra in heptane gave the same 
spectra as shown in the table. Groups giving the same spectra 
in chloroform are not the same as such in alcohol. 

The possibility of existence of different constellations in poly- 
morphic cis-cinnamic acid and chalcone was discussed by Guy,’ 
who measured the ir and Raman spectra of these compounds in 
the solid state. However, the activation energy of transition be- 
tween two eventual states being very low, most of the poly- 
morphic species could not retain their original constellations in 
solution. 

Our results, however, indicate that there is some particular 
region between chemical isomerism (cis-trans isomerism) and 
physical polymorphism (mode of crystal formation), where 
a-electron system combined with steric restriction produces some 
stable ‘“Hindered-rotational isomers in solution.” This, in turn, 
gives an evidence for the existence of rotational isomers in poly- 
morphic crystals. 

If resonance energy of z electron alone is insufficient to retain 
the configuration in solution, the suggestion by Eistert of the 
possible configurations of polymorphic chalcone in the solid state 
may be extended to an assumption of specific affinities between 
two parts of a molecule in contact. 

A comparison by x-ray analyses of the species giving the same 
spectra is now in progress. 

1C, Weygand, Lieb. Ann. 472, 143 (1929). 

2C. Weygand, Ber. deut. chem. Ges. 62, 2603 (1929). 

3 Eistert, Weygand, and Csendes, Ber. deut. chem. Ges. 84, 745 (1951); 


and private communications from Dr. B. Eistert. 
4B. Eistert and E. Merkel, Ber. deut. chem. Ges. 86, 895 (1953). 
H 


* We call —C—C—C— the ¢trans-, and —-C==C —C — the cis-form. 
| | | ji 
O Oo oOo x & 
| | 
Me Me 
5 F. limura, (to be published). 
6L. N. Ferguson and R. P. Barnes, J. Am. Chem. Soc. 70, 3907 (1948). 
7R. E. Lutz and R. H. Jordan, J. Am. Chem. Soc. 72, 4090 (1950). 
8 Kuhn, Lutz, and Bauer, J. Am. Chem. Soc. 72, 5063 (1950). 
9 J. Guy, Ann. Phys., (12) 4, 704 (1949). 
10 Fistert, Weygand, and Csendes, Ber. deut. chem. Ges. 85, 164 (1952). 





Pure Quadrupole Spectra of Metal Bromates 


KENJI SHIMOMURA, TOSHIMOTO KUSHIDA, AND NORIYOSHI INOUE, 
Department of Physics, Hiroshima University, Hiroshima, Japan 
AND 
YosuHtro IMAEDA, Faculty of Technology, Tokushima University, 
Tokushima, Japan 
(Received July 9, 1954) 


URE quadrupole spectral lines of bromine in some alkali and 

alkaline earth metal bromates and silver bromate were re- 
ported in our previous papers.'* The purpose of this note is to 
extend these previous data to other metal bromates and to sug- 
gest a general trend of the behavior of the spectra through this 
series of compounds. In our experiments a frequency-modulated 
superregenerative detector was used and the absorption lines 
were viewed on an oscilloscope. The observed resonance frequen- 
cies together with our previous data are summarized in Table I. 
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TABLE I. Pure quadrupole lines of Br7® in metal bromates. 








Frequency 


Frequency mc/sec mc/sec 





Compound (room temp.) (dry ice temp.) 

LiBrO; 184.124. (20°C) 

NaBrO; 178.954. (20°C) 180.01 

KBrO; 173.114.» (20°C) 175.86 

Cu(BrO3)26H20 175.70 (12°C) 177.48 

AgBrOs; 168.198 (20°C) 169.51 

Mg(BrOs;)2nH20 176.60 (12°C) 178.70 

Ca(BrO;3)2H:0 176.852.» (20°C) 

Zn(BrO3)26H:0 177.38 (12°C) 179.49 

Sr(BrO3)2H20 175.254-b (20°C) 

Cd(BrO3)2H20 174.71 (17°C) 176.25 

Ba(BrO3z)2H2O 173.694.b (20°C) 174.92 

Hg(BrOs)2 172.62 (12°C) 174.44 
170.78 (12°C) 

HgBrO; 168.91 (12°C) 

Pb(BrO3)2H20 174.30 (12°C) 

Co(BrO3)26H:O 176.92 (17°C) 179.10 

Ni(BrO3)26H2O0 177.62 (17°C) 179.51 











* Reference 1. 
> Reference 2. 


The resonance frequencies are found to be distributed regularly 
with the kind of metal ions involved in a range from about 185 
mc/sec to 165 mc/sec in spite of the possible variety of their 
crystal structures; the compounds that involve the metal ions 
belonging to the same group in the periodic table have resonance 
frequencies which vary regularly with the positions of the metals 
in the periodic table. This trend indicates that the electronic struc- 
ture of bromine is affected by the metal ion involved. The bromine, 
after having given its two 4/ electrons to the oxygens, forms 
pyramidal covalent bondings with the three oxygens which have 
accepted two electrons from the bromine and one electron from 
the metal. So its structure can be described as? 


o- 
Brtt—Q- Mt. 


O- 

Now from the electronegativity values of +p,=2.8 and x9 =3.5% 
we may conclude that the electronegativity difference of Br** and 
O- is very small, after the correction is made of the effect of the 
formal charge. And so the ionicity of the Br**+—O™~ bond may be 
neglected. Of course, some double-bond structure may resonate 
with this structure, and this double-bond-structure percentage 
may vary with the kind of metal ions. 

The fact that the metal ion keeps away from the positive bro- 
mine ion and gets nearer to the negative oxygen ions (for example, 
in the case of NaBrO;, Na— Br™4.1 A° and Na—O=2.38 A°)! is 
consistent with the electronic structure afore-mentioned. Since 
the single-covalent radii of Br and O are 1.14 A° and 0.66 A°,3 
respectively, the single-bond distance of Br—O is 1.78 A°, after 
the correction for the formal charges on the bromine and oxygen 
is made. In KBrO3;, and perhaps in the other bromates, the Br—O 
bond distance is smaller than 1.78 A°,‘ and the double-bond struc- 
ture may be mixed in a small amount in these cases. 

On the other hand, as the Br—O bond distance is 1.78 A° in 
NaBrO;,‘ the bond is considered to be nearly pure single one and 
its electronic structure can be almost accurately described as the 
afore-mentioned form. The rather large observed coupling of Br 
reveals that the Br bonding orbitals are not pure p but have sig- 
nificant s character, since three pure » bonds would lead to a 
vanishing field gradient g.5 Then the number of unbalanced p 
electrons U, is: 


_ molecular egQ _ 
2Xatomic egQ 
where @ represents the percent s character of this bonding orbital. 
With the value of the atomic egQ obtained from the atomic-beam 


measurement and our data, one obtains a=0.15 in NaBrO;. 
The O—Br—O bond angle calculated from this value of a, 0.15, 


U, —3a, 
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is 101°. This value is fairly smaller than the crystallographic value 
of 112°.4 

In KBrO; and perhaps in the other bromates, the contribution 
of double-bond nature, namely, fd hybridization, may be sig- 
nificant, since it will decrease the coupling and reduce both the 
Br—O bond distance and the O—Br—O bond angle. But the 
possible contribution of the double-bond structure makes the 
estimate of a from the nuclear quadrupole coupling data consider- 
ably uncertain in the other bromates. 


1 Shimomura, Kushida, Inoue, and Imaeda, J. Chem. Phys. 22, 350 (1954)- 

2K. Shimomura, J. Sci. Hiroshima Univ., Ser. A 17, 383 (1954). 

3L. Pauling, The Nature of the Chemical Bond (Cornell University Press, 
Ithaca, 1939). 

4R. W. G. Wyckoff, Crystal Structures (Interscience Publishers, Inc., 
New York, 1948-1952), Vols. I and II. 

5 Robinson, Dehmelt, and Gordy, Phys. Rev. 89, 1305 (1953). 

6 Gordy, Smith, and Trambarulo, Microwave Spectroscopy (John Wiley 
and Sons, Inc., New York, 1953), p. 281. 





Raman Spectra of 2- and 3-Fluoropyridine 
HAROLD P. STEPHENSON, Depariment of Physics, 
Illinois Wesleyan University, Bloomington, Illinois 

AND 


FRED L. VoELz, Spectroscopy Laboratory,* Department of Physics, 
Illinois Institute of Technology, Chicago 16, Illinois 


(Received September 13, 1954) 


HE near-ultraviolet absorption spectra*of 2- and 3-fluoro- 
pyridine (ortho- and meta-monofluoropyridine), in the vapor 
state were photographed some time ago by one of the authors.' 
Since a thorough analysis of these spectra has been hampered by 
the lack of infrared and Raman data in the literature, it was 
thought worthwhile to commence a program of research to obtain 
such data. The Raman spectra of these two substances in the 
liquid state have so far been obtained and are reported upon here. 
The samples of 2- and 3-fluoropyridine were the same ones used 
in the earlier research,!:? and were believed to be of high purity. 
They were very kindly given to us by Dr. Arthur Roe of the 
Chemistry Department of the University of North Carolina. 
The physical properties of comparable samples made in the same 
laboratory have been described elsewhere.’ For the past three 
years each of the samples has been kept in a vacuum-tight break- 
seal, and for the purposes of this research each compound was 
freshly distilled into a new breakseal attached to the sidearm of 
the Raman tube. Both samples appeared completely clear after 
this single distillation and have remained clear throughout this 
investigation. 

The spectrograms were obtained on a Hilger E-612 spectrograph 
employing both the high dispersion camera (E-614) and the high- 
speed camera (E-613) by means of previously described tech- 
niques.’ Excitation was by the Hg 4358 A line and the samples 
were at 30°C. Eastman type 103-J spectroscopic plates were used 
throughout with exposure times varying from 5 minutes up to 
16 hours. A special small Raman tube of 0.4-ml capacity was used, 
with a plane mirror at the back end (outside the Raman tube) to 
increase the amount of scattered light. Of the two substances, the 
3-fluoropyridine seemed to be somewhat the better scatterer. 

The Ao and relative-intensity values for all the observed bands 
are tabulated in Table I. All of the Ao values were checked by 
using microphotometer (Leeds and Northrup) tracings of the 
plates. The intensity measurements were made with a calibrated 
Gaertner microdensitometer (visual reading). In each case the 
relative intensities have been given in relation to the strong fre- 
quency in the vicinity of 3070 K. In general the strong bands 
observed in high dispersion were rather sharp, whereas weak 
bands observed only with the high-speed camera were quite 
diffuse. For 2-fluoropyridine the bands at 556, 828, and 996 K 
were particularly sharp; correspondingly sharp bands for 3-fluoro- 
pyridine were those at 535, 818, and 1038 K, although nearly all 
the bands of 3-fluoropyridine appeared sharper than the 2-fluoro- 
pyridine bands. 
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TABLE I, Raman spectral data for liquid 2- and 3-fluoropyridine. 








2-Fluoropyridine 3-Fluoropyridine 








Ao,K I Ao, K I 
230 4 244 6 
556 1 (410) vw 
622 w 499 w 
686 vw 535 2 

(725)@ vw 616 1 
(771) vw (702) vw 
828 2 (757) vw 
841 2 818 7 
996 7 834 i 

1045 3 (982) vw 

1099 1 1023 1 

1146 vw 1038 33 

1249 2 1095 w 

1303 Ww 1187 1 

1580 W 1225 2 

1598 1 1247 1 

(1881) _ w (1308) vw 
3074 10 (1425) vw 
(3004)>} 1480 w 
1584 1 

1594 1 

3003 w 

(3058)¢ 8 

(3069) 10 











® Uncertain values are enclosed in parentheses. 
b Observed as shoulder on microphotometer tracing. 
© Not well defined due to mercury line at 3048 K. 


This investigation was part of a research program which has 
been aided by a contract with the Office of Ordnance Research 
(Army) and by grants from the Research Corporation, the 
Socony-Vacuum Laboratories, and the American Academy of 
Arts and Sciences. The authors are grateful for this assistance. 
We would also like to thank Dr. Forrest F. Cleveland for his 
encouragement during the course of this research. 

* Publication No. 111. 

! Harold P. Stephenson, Phys. Rev. 87, 213(A) =. 

2? Harold P. Stephenson, J. Chem. Phys. 22, 1077 (19 


54). 
3 Miller, Knight, and Roe, J. Am. Chem. Soc. 72, 1629 (1950). 
‘ Forrest F. Cleveland, J. Chem. Phys. 11, 1 (1943). 





Intermolecular Coupling of the Out-of-Plane 
Bending Mode in Several Carbonates 
J. C. Decrus 


Department of Chemistry, Oregon State College, Corvallis, Oregon 
(Received September 7, 1954) 


N a recent communication! we have drawn attention to the fine 

structure of the out-of-plane bending mode of the nitrate ion 

in KNO; containing equal concentrations of the N“ and N'® 

isotopes. The present letter deals with similar phenomena in 
certain carbonates whose lattices are of the aragonite type. 

Nujol mulls of CaCO;, SrCO;, and BaCO; were carefully ground 
between rocksalt windows whose inner faces had been left un- 
polished after grinding with 600 wet or dry paper. All visible 
traces of particles could thus be removed, yielding a transparent 
film with a yellow-orange cast, indicative of uniformly small 
particle size. With this technique it was possible to prepare 
samples with less than 10 percent transmission at the absorption 
peak and more than 90 percent transmission within about 6 cm™ 
of the center of the band. 

Table I presents the absorption peaks for C!? and C™ (the latter 
at the natural abundance of 1.1 percent). The final column gives 
the C™ frequency calculated from the observed C! frequency 
neglecting any coupling with lattice modes. It will be noted that 


TABLE I. Out-of-plane bending mode in several carbonates (cm~). 














C12(obs.) C8 (obs.) C3 (calc.) 
Ca (aragonite) 861.0 845.2 834.0 
Sr 858.1 842.1 831.2 
Ba 857.3 840.5 830.4 
Ca (calcite) 877.7 850.0 850.2 
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such a calculation is in excellent agreement with observation in 
the case of calcite, but that significant discrepancies occur for 
aragonite and the similar strontium and barium carbonates. 

If a coupling constant is introduced into the potential energy for 
each pair of nearest neighbor carbonate ions, connecting their 
out-of-plane vibrations, the following expressions may be ob- 
tained for the extreme cases of a homogeneous C® lattice and for 
the frequency of an isolated C" carbonate ion, surrounded by C®. 


(i) Homogeneous C" case: 


A= 49? Pw? = (Buyer tuo) (F+2F’), (1) 
(ii) Isolated C™ case: 
A= (341s +o) (F+2F'p), (2) 


where 


“(E)[se2et5) 
' “a iow) 


In these equations the y’s are the reciprocals of the masses of 
the atoms, F is the principal force constant for bending of a single 
carbonate ion, and /’ is the interaction or coupling constant. 
Unlike the case of deuterium substitution discussed by Hrostowski 
and Pimentel? and by Hiebert and Hornig,’ the present case of 
isotopic substitution does not give rise to complete uncoupling of 
the isolated atom, since the percent mass change is small. Hence 
we have the term involving p in (2), which is the result of a 
second-order perturbation treatment. 


TABLE II. Force constants for crystalline carbonates (md/A). 





F F’ 
Ca (aragonite) 1.4513 ~0. 0270 
Sr 1.4394 —0.0259 
Ba 1.4305 —0.0226 
Ca (calcite) 1.4513 +0.0003 


Table II presents the values of the two potential energ) 
parameters. 

There is close agreement between the principal force constants 
for the two forms of CaCOs, after allowing for the coupling con- 
stant which occurs in aragonite, but not in calcite (although the 
constants are reported to four places, they are probably only 
significant to the third). The negative sign, and increase in magni- 
tude of the coupling constant for the sequence Ba, Sr, Ca is quali- 
tatively in agreement with the hypothesis of a dipole-dipole 
coupling. 

Finally, we remark that the parameters of Table II appear to 
be capable of accounting for the absorption band contours at 
enriched C™ concentrations, where we have apparently resolved 
the frequencies of pairs and triplets of carbon atoms of one mass, 
surrounded by those of the other. 

The author is gratified to acknowledge the assistance rendered 
by E. I. du Pont de Nemours and Company in the form of a 
Summer Research Grant which made possible these studies. 

1J. C. Decius, J. Chem. Phys. 22 (to be published). 


7. 3. Hrostowski and G. C. Pimentel, J. Chem. Phys. 19, 661 (1951). 
3G. L. Hiebert and D. F. Hornig, J. Chem. Phys. 20, 918 (1952). 





The Activation Energy for Viscous Flow and 
Sutherland’s Constant 


Cc. J. G. Raw 


Department of Chemistry and Chemical Technology, University of Natal, 
Pietermaritzburg, South Africa 


(Received August 23, 1954) 


N two recent communications,'? the author has proposed two 
approximate relations: 
e/k=0.88C, 
and 
AEvis™4.5€/k cal mole, 
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TaBLE I. Experimental values of AEvis/C. 











Gas: A Ne Oz co CHa C2Ha 
c: 142 104 125 101.2 164 241 
AEvis: 516 449 398 466 719 793 
AEvis/C: 3.63 4.32 3.18 4.60 4.38 3.29 








where C is Sutherland’s constant (from the temperature depend- 
ence of the gas viscosity), AE,i, is the activation energy for viscous 
flow (from the temperature dependence of the liquid viscosity), « 
is the maximum energy of attraction between two molecules each 
of which has an intermolecular force field described by the Len- 
nard-Jones (12-6) potential, and k is Boltzmann’s constant. 
These two approximations are useful for rough estimates, but are 
restricted to substances with simple, nonpolar, symmetrical 
molecules whose intermolecular potentials are well represented 
by the Lennard-Jones (12-6) model, and which condense to normal 
liquids. The following work is also restricted in application to such 
substances. 
Eliminating e/k between the two relations given above, 


(AEyis/C) ~4. (1) 


Experimental values of the ratio of the activation energy to 
Sutherland’s constant are given in Table I. The values of Suther- 
land’s constants in degrees Absolute are from Partington,’ and the 
values of the activation energy for viscous flow in cal mole~ are 
those quoted by Ewell and Eyring.’ 

The ratio is seen to be approximately four for the type of 
molecule to which this theory is applicable. Equation (1) should 
prove useful for rough estimates. 

Vogel® has shown that 

C=1.47T», 
where 7’, is the normal boiling point. This relation in conjunction 
with Eq. (1) gives an expression for the activation energy for 
viscous flow in terms of the boiling point : 


AE vis 5.88T ». (2) 


The free energy of activation for viscous flow (AGf{) has been 
expressed® in terms of 7) as follows: 


AG{~9.4RT,/2.45 = 
From (2) and (3), 


7.6T},. (3) 


AGt/AE, i. 7.6/5.88. 
Also :? 
AGT=AU vay/2.45 and AEyis=AU vap/n, 


where AUyap is the energy of vaporization and n is a constant 
which varies between 3 and 4 for most substances, and thus 


AGY/AEyis=n/2.45. 


From these two expressions for the ratio of the free energy of 
activation to the activation energy for viscous flow, m is 3.17; 
which is certainly close to the value of » for the simple substances 
to which this work is applicable. 


. = J. G. Raw, J. S. African Chem. Inst. (to be published). 
J. G. Raw, J. Chem. Phys. (to be published). 
mE An Advanced Treatise on Physical Chemistry, (Longmans, 
Green and Company, New York, 1949), Vol. 1, pp. 858-861 (1949). 
*R. H, Ewell and H. Eyring, J. Chem. Phys. 5, 726 (1937). 
5 Vogel, Ann. Phys. 43, 1235 (1914). 
° Hirschfelder, Curtiss, and Bird, Molecular Theory of Gases and Liquids 
(John Wiley and Sons, Inc., New York, 1954), pp. 628-629. 
‘ Glasstone, Laidler, and E yring, The Theory of Rate Processes (McGraw- 
Hill Book Company, inc., New York, 1941), pp. 492-493. 





Decomposition in Liquid Scintillation Systems 


C. Rep 


Department of Chemistry, The University of British Columbia, 
Vancouver, Canada 


(Received July 22, 1954) 


URTON and Patrick! observe that the increased quantum 
yield of fluorescence above that of benzene alone, found when 


benzene containing anthracene or terpheny] is irradiated, is not 
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accompanied by a decrease in the amount of chemical decomposi- 
tion of the benzene. The authors speculate on two possible reasons 
for this state of affairs. The following considerations are relevant 
in this connection. For the state represented by A*+B to make 
real transition to A+ B*, the two states must be degenerate. In 
the case under consideration the requirement for this is that the 
energy available as emission from A must be matched by an ab- 
sorption process in B requiring the same energy. If we consider a 
highly excited benzene molecule such absorption process may 
occur equally well in benzene or in the added aromatic. Accord- 
ingly the latter will not be an especially good trap at such high 
energies and further, when a high-energy quantum does reach a 
polycyclic molecule the latter may equally well hand it back to 
benzene. 

The situation is different when we reach the lowest excited state 
of benzene. Since there is little overlap between the absorption and 
emission spectra of this molecule the energy available in emission 
cannot appreciably be absorbed by other benzene molecules. The 
added polycyclic provides suitably matching absorption energies, 
however, and acts as a trap since the quantum is now too small for 
retransfer to benzene. 

It follows that only after the energy of the benzene molecule 
has fallen well below the level likely to result in decomposition 
does the polycyclic trap become efficient. Consequently the 
fluorescence process in no way competes with chemical decom- 
position and Burton and Patrick’s results are exactly what is to 
be expected. 


1 Burton, Milton, and Patrick, J. Chem. Phys. 22, 1150 (1954). 





Heat of Formation of NH(g) and the Bond 
Dissociation Energy D(NH—H) 
AUBREY P. ALTSHULLER 


2715 East 116th Street, Cleveland 20, Ohio 
(Received September 7, 1954) 


UFFICIENT data are now available to complete the set of 

bond dissociation energies, D(NH.—H), D(NH—H), 
D(N—H), and the heats of formation of NH3(g), NHe(g), and 
NH(g) by the evaluation of AHy(NH,g) and D(NH—H). 

An activation energy of 60(+2) kcal/mole has been determined 
for the homogeneous decomposition of N2H,(g) into NH: radicals.! 
By combining this value with a AHy(N2H4,g) of 22.75 kcal/mole* 
one obtains AH; (NHe,g) =41(+2) kcal/mole, and consequently, 
D(NH2—H) equals 104(+2) kcal/mole.’ 

A bond dissociation energy for N—H of 3.8 ev or 88(+2-4) 
kcal/mole has been obtained spectroscopically.t From D(N—H), 
AH;(N,g) and AH;(H,g), the heat of formation of NH(g) can be 
calculated. Unfortunately, the heat of dissociation of N2(g) has 
been a subject of considerable controversy for a number of years.*® 
However, recent work on the near ultraviolet bands of N2*,*:? the 
spectra of C.Ne flames,* the detonation velocities of C2N2»+Oz 
mixtures,?!° and the dissociation of Nz on hot W filaments," all 
give support to the value of 9.764 ev or 225.1 kcal/mole. Certain 
earlier spectroscopic evidence also supports the above value.®- 
Thus if a value for AH;(N,g) of 112.6 kcal/mole is used along with 
D(N—H) of 88(+2-4) kcal/mole and AH;(H,g) of 52.1 kcal/ 
mole," then AH;(NH,g) is equal to 77(+2-4) kcal/mole. Using 
AH;(NH,g) of 41(+2) kcal/mole, AHy(NH,g) of 77(+2-4) 
kcal/mole and AH;(H,g) of 52.1 kcal/mole, one can calculate a 
value of 88(+4) kcal/mole for D(NH—H). The value of the bond 
dissociation energies D(NH:—H), D((NH—H), D(N—H) and 
AH;(NHs3,g), AHy(NHo2,g) and AH;(NH,g) are listed in Table I. 

If the higher heat of dissociation of Ne of 11.8 ev or 272 kcal/ 
mole which has been suggested" is used, then D(NH—H) would 
be 111 kcal/mole. Since the dissociation energies for methane" are 
D(CH;—H)=102(+1) kcal/mole,? D(CH,.—H)=85-95_ kcal/ 


mole,!618§ D(CH — H) = 80-90 kcal/mole,!*"* D(C —H) =80 kcal/ 
mole ;5 for HxO are D(HO — H) = 118(+1) kcal/mole and D(O—H) 
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TABLE I. Bond dissociation energies and heats of formation of 
some nitrogen hydrides. 











Molecule D(NHnz —H), kcal/mole AHs(NHz), kcal/mole 
NH:—H 104(+2)4 —11.04¢ 

NH —-H 88(+4) 41(+2)* 

N-H 88(+2 —4)> 77( +42 —4) 








* See reference 3. 
b See reference 4. 
© See reference 13. 


=101(+1) kcal/mole;!® and for H2S are D(HS—H)=91 kcal/ 
mole and D(S—H)=84 kcal/mole,”® it seems improbable that 
D(NH—H) would be greater than D(NH2—H). If the lower value 
for D(N:2) of 7.383 ev or 170.3 kcal/mole most frequently proposed 
in the past® were used, then D(NH—H) would equal 60 kcal/mole. 
It seems unlikely that D(/(NH—H)<«<D(NH2—H) and D(N—H), 
since D(CH;—H)>D(CH2—H)>D(CH—H)>D(C—H). Fur- 
thermore, since D(CH;—H)—D(CH»—H)=10-15 kcal/mole, 
D(HO—H) — D(O—H) =17 kcal/mole and D(HS—H) — D(S—H) 
=7 kcal/mole, as large a difference as D(NH:—H)— D(NH—H) 
42 kcal/mole seems unlikely also. Thus a D(NH—H) of 88 
kcal/mole seems the most probable value as does a D(N2) of 
225 kcal/mole. 


1M. Szwarc, Proc. Roy. Soc. (London) A198, 267 (1949). 

2Scott, Oliver, Gross, Hubbard, and Huffman, J. Am. Chem. Soc. 71, 
2293 (1949). 

3M. Szwarc, Chem. Rev. 47, 75 (1950). 

4G. Pannetier and A. G. Gaydon, J. chim. phys. 48, 221 (1951). 

5 A. G. Gaydon, Dissociation Energies and Spectra of Diatomic Molecules 
(John Wiley and Sons, Inc., New York, 1947). 

. E. Douglas, Can. J. Phys. 30, 302 (1952). 

7A. E. Douglas, Abstracts of New York Meeting of the American Chem- 
ical Society, (September, 1954). 

8 Thomas, Gaydon, and Brewer, J. Chem. Phys. 20, 369 (1952). 

9 Kistiakowsky, Knight, and Malin, J. Am. Chem. Soc. 73, 2972 (1951). 

10 Kistiakowsky, Knight, and Malin, J. Chem. Phys. 20, 876 (1952). 

11M. Farber and J. Darnell, J. Chem. Phys. 21, 172 (1953). 

12 For other views as to the v ‘alue of D(N 2), see reference 5 and G. Glocker, 
‘‘Bond Energies and Bond Distances,"’ Annual Rev. Phys. Chem. Vol. 3, 
—- Reviews, Inc., Stanford, California, (1952). 

D. Rossini, et al. ‘‘Selected Values of Chemical Thermodynamic 

iene? Natl. Bur. Standards Circular 500 (1952). 

4G. Glocker, J. Chem. Phys. 18, 1518 (1950). 

18 For alternate sets of bond dissociation energies for CHn—H see G. 
Glocker, Discussions Faraday Soc. 10, 26 (1951). 

16H. H. Voge, J. Chem. Phys. 4, 581 (1936); 16, 984 (1948). 

19513 A. McDowell and J. W. Warren, Discussions Faraday Soc. 10, 53 
( s 

18H, Branon and C. Smight, J. Am. Chem. Soc. 75, 4133 (1953). 

1 R, J. Dwyer and O. Oldberg, J. Chem. Phys. 12, 351 (1944). 

* A. H. Schon, J. Am. Chem. Soc. 74, 4722 (1952). 





Benzyl-Hydrogen Bond Dissociation Energy* 


J. B. Farmer,jt I. H. S. Henperson,t C. A. McDoweELt,t 


AND F. P. LossinG 
Division of Pure Chemistry, National Research Council, Ottawa, Canada 
(Received July 7, 1954) 


N a recent publication, Schissler and Stevenson! have obtained 

a value for D(CseH;CH2—H) =77+3 kcal/mole from the ap- 

pearance potentials of the C;H;* ion from toluene, ethylbenzene, 

and dibenzyl. This result is in good agreement with the dissocia- 

tion energy obtained by Szwarc? from measurements of the rate of 
pyrolysis of toluene. 

The data cited by Schissler and Stevenson also enable one to 
calculate the ionization potential of the benzyl radical. From the 
appearance potentials of C;H;* (presumably. CsH;CH2*), from 
toluene, Ai(C;H7*) = 11.85+0.1 ev, and from dibenzyl, A2(C;Hy*) 
=10.5340.1 ev, and from the heats of formation of toluene 
(+11.95 kcal/mole), of dibenzyl (+28.0 kcal/mole), and 
D(H—H) =4.48 ev/molecule, as quoted in reference (1), one can 
derive the equation 


I(CsHsCHe) = 2A, (C;H7*) — A2(C;H,*) +2AHy (CsHsCHs) 

— AH; (CsH;CH2)2—2AH;(H)=8.51 ev. (1) 
This calculation does not depend on any bond dissociation energies 
in toluene or dibenzyl. However, the ionization potential of the 
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benzyl radical, measured directly on radicals produced thermally 
from benzyl iodide, was found to be 7.73+0.08 ev.’ This value is 
reasonably consistent with the measured appearance potentials‘ 
of benzyl ion from the benzyl halides and recent estimates of the 
corresponding bond dissociation energies. A recent redetermina- 
tion of the ionization potential of benzyl radicals produced by the 
pyrolysis of benzylamine gave I(CsH;CH2) =7.81+0.08 ev with 
an over-all average of 7.76+0.08 ev. This ionization potential 
disagrees with the above indirectly calculated value to the extent 
of about 0.7 ev. If it is assumed that I(CsH;CH2)~7.8 ev and that 
the heats of formation of the compounds are correct, then it must 
be concluded that either A;(C;H;*) or A2(C;H;*) is in error. The 
ionization efficiency curves for C;H;* from toluene and dibenzy] 
have a large curvature at the foot which makes the exact determi- 
nation of A,(C7;H;*+) and Ae(C;H;) difficult. An error could also 
arise if the values of A,(C;H;*+) and A2(C;H;*) contain excess 
energy terms which do not cancel in the evaluation of I(CsH;CH») 
from Eq. (1). 

In an attempt to obtain a less ambiguous value for A:(C;H,*), 
some experiments were carried out using trideuterotoluene, 
CsH;CD;. These have shown that with electrons of 50 ev the 
processes 

CsH;sCD;+e—C.H;CD2*+D+2e (2) 
and 
C.H;CD3;+e—-C,H,CD;*+H-+2e (3) 


occur in the ratio to be expected on statistical grounds if all the 
hydrogens were equivalent in the dissociation process. The iso- 
topic purity of the deutero-toluene (78 percent) was not suffi- 
ciently great to provide a clear separation of processes (2) and 
(3) at low electron energies, but further work is in progress. 

The determination of A,(C;H;*) from toluene depends on the 
measurement of the minimum energy which will bring about 
the process 


C;Hs+e—-C;H;*+H+2e. (4) 


Since the tolyl and benzyl ions are isomeric, it is important to be 
certain that the initial onset for the C;H;* ion in toluene occurs 
by process (2) and not by process (3). Although it may be ex- 
pected on the basis of molecular orbital theory that I(tolyl) 
>I (benzyl) and consequently that Ai (C;H;*) should be associated 
with process (2), the fact remains that the dissociation process 
leading to the formation of the C;H;* ion from toluene is not a 
simple one. 

Until the inconsistencies in I(CsH;CHe), Ai(C;H;*), and 
A2(C;H;*) have been resolved, calculations of D(Cs;H;CH:—H) 
or D(CsH;CH2—CH2C,H;) by the ‘direct’? method cannot be 
made. Furthermore, it follows that the work of Schissler and 
Stevenson cannot be regarded as substantiating the Szwarc value 
for D(CsH;CH2—H), though the latter may indeed be correct. 

* National Research Council Contribution No. 3349 

+ National Research Council Postdoctorate Fellow 1953-1955. 

t Guest worker. 

1 D. O. Schissler and D. P. Stevenson, J. Chem. Phys. 22, 151 (1954)- 

2M. Szwarc, J. Chem. Phys. 16, 128 (1948). 


3 Lossing, Ingold, and Henderson, J. Chem. Phys. 22, 621 (1954). 
+ Lossing, Ingold, and Henderson, J. Chem. Phys. (to be published)- 





Effect of Compressive Stress on Self-Diffusion 
in Zinc 
A. W. Lawson 


Institute for the Study of Metals, The University of Chicago, 
Chicago, Illinois 


(Received August 19, 1954) 
HE fractional changes AD;/Do; in the self-diffusion coefficient 
along the principal axes of a crystal when subjected to com- 
pressive stresses Y; are controlled by tensor relations, which may 
be written in Voigt’s notation as 
AD;/Doi=DyijX; j=1, 2, 3. (1) 


For a hexagonal crystal such as zinc we have yu=y22, yi2= 72h 
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vi3= 23, and y32=s1, and hence five independent constants, 
ily ¥12) ¥13, Y31, and 33, must be known in order to utilize Eq. (1), 
whose derivation is analogous to the corresponding equations for 
the piezo-optic! and piezoresistance? coefficients. 

Recently Liu and Drickamer’ have reported a series of measure- 
ments on self-diffusion in zinc, both parallel and perpendicular to 
the hexagonal axis, under hydrostatic pressure and under com- 
pressive stresses perpendicular and parallel to the direction of 
diffusion. In all cases the rate of self-diffusion is decreased by the 
application of compressive stresses. 

The six independent experiments conducted by Liu and 
Drickamer permit the five independent piezodiffusion coefficients 
yi; (exclusive of the shear coefficient of self-diffusion ys) to be 
calculated and a test for self-consistency to be made. Unfor- 
tunately, the test for self-consistency fails by several orders of 
magnitude as we shall now proceed to demonstrate. For example, 
at atmospheric pressure and 326°C the self-diffusion constant D- 
parallel to the hexagonal or c axis is 1.22X10~* cm?/day. D, at 
326°C under a compressive stress of 475 psi parallel to the hex- 
agonal axis is 6.1 10-5 cm?/day; D. at 326°C under a compres- 
sive stress at 416 psi perpendicular to the hexagaonal axis is 
7.7X10~-5 cm?/day. From these data we find at this temperature 
y33= —1.5X10- cm?/kg and y3:= —1.26X 107 cm?/kg. 

Since AD./Do-AP is y33+2y31 by Eq. (1), we calculate from the 
foregoing data that this quantity at 326°C should be —4.0X107 
cm?/kg. From Liu and Drickamer’s data we estimate that its 
value is —7.8X10~*° cm?/kg. The discrepancy of approximately a 
factor of five hundred between the calculated and observed pres- 
sure coefficient of D, is too large to be accounted for by minor ap- 
proximations involved in the calculation, e.g., neglecting the 
effect of dimensional changes on the ¥i;. 

The origin of the discrepancy is unknown. It seems unlikely that 
plastic deformation is the source. It is noteworthy that the condi- 
tions of the experiment were such that the loading pistons could 
conduct a considerable amount of heat away from the sample and 
that the thermocouple used to measure the sample’s temperature 
was off to one side, between the sample and the furnace wall. 
If we assume that the pistons were not in contact with samples 
measured under zero stress, a temperature difference of only 5° 
to 10°C between the samples under compression and the measuring 
thermocouple would be sufficient to explain the discrepancy be- 
tween the observed and calculated values of the pressure coeffi- 
cient of self-diffusion. 

If a systematic error of this type were present in the experi- 
ments of Liu and Drickamer, their diffusion coefficients measured 
under stress should not extrapolate to the correct zero stress values. 
Unfortunately their data on diffusion coefficients is too sparse, 
and lacks sufficient precision to yield an unambiguous answer to 
this question. 

1F. Pockels, Lehrbuch der Kristalloptik (Leipzig, 1906), p 

2M. Allen, Phys. Rev. 49, 648 (1936); J. W. Cookson, Le? x 47,194 


(1935). 
3’T. Liu and H. G. Drickamer, J. Chem. Phys. 22, 312 (1954). 





Errata : Primary Photochemical Process in Bromine 
{J. Chem. Phys. 21, 2218 (1953) ] 


G. B. KisTiAKOWSKY AND JAMES C. STERNBERG* 
Gibbs Chemical Laboratory, Harvard University, Cambridge, Massachusetts 


R. A. L. G. Rees has privately brought to our attention the 
following points requiring correction. All are found on 
p. 2223 in our paper. 


1. In Table IV, the statements at the feet of columns “Assign- 
ment I” and “‘Assignment II” should be interchanged. 

2. In the first paragraph below Table IV, Dr. Rees has pointed 
out that his ‘w+, curve was actually constructed up to v’=37, 
instead of v' = 22 as reported. 

3. In the same paragraph, the last sentence should be changed 
to read, ‘“The ‘1, state is expected to be repulsive, according to 
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Mulliken, and only a continuum associated with this state has 
been observed.” We are grateful to Dr. Rees for his helpful 
comments. 


* Present address: Department of Chemistry, Michigan State College, 
East Lansing, Michigan. 





Intensity of the Bending Mode in 
Carbonyl Sulphide 


EDWARD C. WINGFIELD AND JOSEPH W. STRALEY 


Department of Physics, University of North Carolina, 
Chapel Hill, North Carolina 


(Received August 25, 1954) 


HE intensity of the v2 fundamental in OCS located at 19 
microns has been measured in order to determine the CO 
and the CS bond moments. Although there is evidence that the 
intensity of the upperstage bands which overlay the fundamental 
are enhanced by Fermi resonance, an analysis of the absorption 
curves together with data secured at elevated temperatures has 
made possible the determination of the true intensity of the 
fundamental. 

The sample was prepared by the addition of a concentrated 
water solution of KSCN to concentrated H2SO, as described by 
Bartunek and Barker. The evolved gas was purified by being sent 
successively through a cold trap, a KOH solution, and drying 
towers. The absolute band intensity was determined on a Perkin- 
Elmer 112 Spectrometer using the extrapolation method of Wilson 
and Wells.? Dry nitrogen to a total pressure of 30 psi was added to 
the OCS at partial pressures in the range 0 to 1.5 cm Hg in a 
10-cm cell equipped with KBr windows. 

In addition to the intense Q branch at 521 cm™ two additional 
Q branches were clearly visible but contained under the same total 
envelope. The first of these at 516 cm™ we have ascribed to the 
2v2—v2(A—7) transition; the second at 527 cm™ we have ascribed 
to the 2v2.—v2(Z—7) transition. While this assignment does not 
agree with that frequently quoted in the literature’ it is justified 
by the fact that, assuming the splitting in the v.=2 levels to arise 
from Fermi resonance with v7;=1, the 2—-z band should lie at the 
higher frequency and should experience the greater enhancement 
of its intensity. 

The fact that the upper stage bands appear to be enhanced by 
Fermi resonance made necessary the correction of the observed 
integrated absorption areas. This was accomplished by assuming 
the ratio of the energies of the various subbands that make up 
the observed envelope to be equal to the ratio of the areas of the 
portion of the Q branches that protrude above the background. 
These ratios were then compared to those expected on the basis 
of the distribution law. Our confidence in the accuracy of the 
correction factor of 10 percent secured in this manner was in- 
creased by the fact that data was secured both at room tempera- 
ture (25.8°C) and at 104°C. It should be noted that at the higher 
temperature there was evidence of considerable thermal decom- 
position of the gas. This negated the value of any measurement of 
the absolute intensity of the band at the higher temperature but 
did not affect the comparison of relative Q-branch intensities. 

The corrected extrapolated integrated absorption A was found 
to be (36.0+4.0) X10" cycles/sec cm at NTP. The dependence of 
the total dipole moment on the normal coordinate is related to the 
intensity through the equation 

Op/IOQ= + (3cA/2Nz)!, (1) 
where the factor of 2 has been introduced because we are here 
dealing with a doubly degenerate band. Letting @ represent the 
change in angle produced by vibration we may write 

Ou Op OQ Oc 0B 
“A aa aa — thee ties 


a0 30 30 00 a0’ 


where a and @ represent the angular departure of the CO and the 
CS bands from their equilibrium orientation. Making use of the 


(2) 
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laws of conservation of momenta one finds that da/d0=0.624 and 
08/00=0.376. 
The dependence of the normal coordinate Q on @ is given by 


9Q/00= (kg)}/2mve. (3) 


Letting kg=6.7X10-" dyne cm/radiant‘ and »=521 cm™ we 
find that 0Q/00= 2.64 10-™ cgs. Equation (2) now becomes 


0.376p1cs—0.624y.= £0.36. (4) 


The total dipole moment of the OCS molecule equals 0.72 
debye. Treating the bond moments as vector quantities which 
combined yield the observed total dipole moment we may write, 


Mes tMoc=0.72. (5) 


Solving Eqs. (4) and (5) simultaneously we may secure values 
of pcs and poc. If one uses the positive sign in Eq. (4) he will 
secure an unreasonable answer. Using the negative sign, however, 
he finds 


Mcs=0.09+0.02 debye, 
Moc= —Moc= —0.63+0.02 debye. 


These values are in qualitative agreement with the known 
electronegative properties of oxygen and sulphur. 


1P, F, Bartunek and E. F. Barker, Phys. Rev. 48, 516 (1935). 

2? E. B. Wilson and A. J. Wells, J. Chem. Phys. 14, 578 (1946). 

po Y. Wu, Vibrational Structure and Spectra of Polyatomic Molecules, 
p. i 

4G. Herzberg [Infrared and Raman Spectra (D. Van Nostrand Company 
Inc., New York, 1945), p. 174] quotes kg =0.66 X10-" dyne cm/radian. 
He, however, has used Ics =1.54 X10~8 cm instead of the value 1.56 X10-8 
quoted by Cross and Brockway [J. Chem. Phys. 3, 821 (1935) ]. 





Covalent Boron-Boron Bonds in Crystals of Certain 
Metal Borides 


INGA FISCHER-HJALMARS AND STIG FLODMARK 


Institute of Theoretical Physics, University of Stockholm, 
Stockholm, Sweden 


(Received September 10, 1954) 


ROM experiments! it is shown that several metals, e.g., 
Ca, Sr, Ba, Y, form boron compounds, MeBg, all of which 
have the same crystal structure. The metal atoms form a cubic 
lattice. Inside of every cube there is one octahedron of six B atoms. 
Every B atom has five nearest neighbors of B atoms, four in the 
same octahedron and one in the adjacent octahedron. The B—B 
distances vary between 1.7 and 1.8A in the different MeBs 
lattices. This is about twice the covalent radius of B. As pure B 
does not form any simple lattice, our suggestion is that the 
stability of the B lattice in MeBg is due to oscillating covalent 
B—B bonds reinforced by the valence electrons of the Me atoms. 
This suggestion is supported by the fact that all the metals have 
low ionization potentials. 

We have made a theoretical investigation of the possibility of 
forming covalent bonds in the five directions given by experi- 
ments. The ground state of B is (1s)?(2s)?(2p)?P. To obtain orbitals 
in the five directions, we must construct linear combinations x of 
the following atomic orbitals ¢: 2s, 2p:, 2p,, 2p., 3d.2, and 3d,2_,?. 
The Slater determinant? of three such x’s has extreme values when 
the electrons are located in three of the given five directions, if 


x1=2p., x3=¢1 (2s) +¢2(3d."), (1) 


where ¢,=0.24 and c.=0.97. Only the angular dependence is 
considered here. 

According to our suggestion, the stability of the B lattice should 
be due to more than three electrons per atom participating in the 
B—B bonds. If every Me atom is ionized twice, the time average 
should be 3} electrons per B atom. To investigate the distribution 
of the valence electrons, we have studies the electronic density 


as 3d,*_,?, 


6 
p=Zxitxi= LD Cyey;* en, 
i 7,k=1 


which should be normalized to 3}. From symmetry considerations, 


THE EDITOR 


it is found that 


p=Ci(2s)?+Cof (2p2)?+ (2py)?} +Cs(2p:)* 
+C4(2s) (2p2) +C5(3dz2_y?)?+Cs (2s) (3d.2) 
+C;(2p.) (3d?) +Cs(3d22)?. (2) 


Generally, (2) corresponds to configurational interaction includ- 
ing 20 determinants. The parameters C; have been determined 
from the condition that p shall have maxima in the five bond 
directions and minima between them. This gives 9 equations ‘to 
determine the parameters C;—Cs, rmax, aNd rmin. It is found that 
the contribution from (3d,?_,?)* forms the essential part of p. As 
the number of conditional equations is less than the number of 
parameters, the coefficients cannot be determined uniquely. We 
have chosen to assign certain values to Cs, whereby the other 
parameters are fixed. When Cs<0.6, it is possible to obtain maxima 
in the given directions. When Cs=0.6, we find C;=2.7. If (1) and 
(2) were to correspond to each other, we should have Cs=c:?=0.95 
and C;=1.0. However, an assumption of slightly bent bonds 
reduces ¢;* to 0.5. The extremely large value of C;=2.7 in (2) is 
not consistent with the Pauli principle. This contradiction can 
depend on the simplifications introduc *d: orbitals of only one B 
atom in the charge density, rmax equal in the five directions, the 
same restriction on rmin which, furthermore, is supposed to lie 
symmetrically between the maxima. These approximations prob- 
ably include an overestimation of the 3d orbitals. Moreover, 
introduction of slightly bent bonds in (2) would certainly reduce 
C;—Cs. Still, it is our opinion that the contribution from the 3d 
orbitals is essential, because otherwise the charge density cannot 
attain the symmetry of the atomic lattice. 

A few weeks ago, another theoretical investigation of MeBg has 
been published.’ This study is most interesting, but both method 
and aim are rather different from ours. 

We are indebted to P. Spiegelberg who drew our atten- 
tion to this problem. Full details of the present investigation will 
be published by one of us (S.F.) in Arkiv. Fysik. 

1R. Kiessling, Acta Chem. Scand. 4, 209 (1950). 
asa H. K. Zimmerman and P. van Rysselberghe, J. Chem. Phys. 17, 598 


3H. C. Longuet-Higgins and M. de V. Roberts, Proc. Roy. Soc. (London) 
A224, 336 (1954). 





Self-Consistent Field Method and the 
Benzene Molecule 


C. R. MUELLER 
Chemistry Department, Purdue Universily, Lafayette, Indiana 
(Received June 8, 1953) 


HE benzene molecule plays such an important role in valence 
theory that it has been the subject of many quantum- 
mechanical calculations. These calculations are either based on 
the primitive atomic or molecular orbital theories or on rather 
elaborate approximations involving configuration interaction. The 
primitive theories are unreliable, and the more elaborate theories 
are difficult to interpret. This note will describe an orbital pro- 
cedure involving the use of the self-consistent field. 

Let us first consider the case of a single Kekule structure. In 
analogy to the procedure used for ethylene,' we will use the Dirac 
vector method to obtain an expression for two bonding electrons, 
represented by eigenfunctions ®; and #2 


_Q+Ki2—3Kir— 3K 2g (1) 


E= ; 
[+S;?- $Si2— $Si?? 





Q is the Coulomb integral, Ki: the exchange integral, and Aix 
and Ke, are exchange integrals of the bonding orbitals with or- 
bitals centered on adjacent atoms. 

The Hamiltonian is the usual two electron one with Coulombic 
repulsions, from electrons not involved in the exchange, included. 

An expression similar to (1) for the two Kekule structure 
representation of benzene can be obtained by again applying 
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the Dirac vector model and will contain terms arising from the 
interaction of the two Kekule structures with one another. 

In either case the results may be indicated by the general 


formula, 
E=(Qt2 CijKen}+ Ut CoS}. (2) 
i>j i>j 


We have not as yet considered the specific form of &; and #», 
the bonding orbitals. 
Let 


lan 


?,= zy Acge. (3) 
1l=n 
We can obtain the value of the coefficients by substituting (3) 
into (2) and differentiating with respect to each coefficient. The 
condition that the resultant n-linear simultaneous equations have 
a nontrivial solution yields the secular equation 


||Agr|| =0. (4) 


The matrix elements are 


A qr (¢q¢r/H/®.?) + pa ‘ik (geoPi /H/ ¢rPy) 
k>2 


—E{Sqr+ 2 CirSqeSrx}. (5) 
k>2 


Even though the study of benzene involves configuration inter- 
action, if only the two Kekule structures are considered the total 
energy has the form of Eq. (2) after solution of a secular 
equation. A second secular equation (4), must be solved to find 
the orbital form. 

The first solution of the secular equation and the symmetry 
conditions enable us to specify more accurately the other orbitals. 
Repeated solution in this manner finally leads to self-consistency. 
Using three centered orbitals (a linear combination of central 
A.O., gs, with adjacent atomic orbitals) we contain $;=0.38¢, 
+¢g+0.66¢.. The adjacent bonding orbital (centered on atom a) 
is obtained by a 60° rotation of the molecule in the direction of 
atom A following by an exchange of the coefficients of ga and ¢c. 
The orbital in the second Kekule structure corresponding to 4; 
is obtained by exchanging the coefficients of ga and ¢-. 

A similar procedure was carried out for the single Kekule 
structure. The orbital ©,;=0.38¢,+ ¢,+0.57¢,-. The resonance 
energy can be computed by taking cognizance of those terms which 
are counted twice, and then calculating the total energy of the 
single and double Kekule structures. The difference is 63 kcal, 
leading to a resonance energy of roughly 27 kcal, after taking 
cognizance of the compressional energy. 

We find a resonance energy roughly of the right order of mag- 
nitude. In addition it appears that the valence orbitals of benzene 
are largely localized on the original atoms. 


1C. R. Mueller, J. Chem. Phys. 22, 120 (1954). 





Note on the Temperature Variation of the 
Configurational Energy of Regular Solutions 


P. K. Katti, Department of Applied Science, Delhi Polytechnic, 
Delhi, India 
AND 
S. M. BuaGat, Department of Physics, University of Delhi, Delhi, India 
(Received August 30, 1954) 


N the quasichemical treatment of the properties of regular 
binary mixtures Gugganheim! considers a crystalline lattice of 
N sites occupied by N4 molecules of one component A and Ng 
molecules of the other B such that Na+Ng=N. 
The configurational energy Ec is given by the relation 


Ec= —Naxa — Nepxp+ Xe, (1) 
where 
—2x4/Z= 8a, 


—2xp/Z=Epe and (—x4—Xpt+w)/Z= Eas 
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TABLE I. 
(dw/dt)cal. (dw/dt) from V.P. data 
cal/mole deg. cal/mole deg. 
Benzene and carbon —0.185 —15 
tetrachloride 
Carbontetrachloride —0.17 —0.23 


and cyclohexane 








are, respectively, the energies of each AA, BB, and AB pair, Z 

the coordination number of the lattice, and ZX the total number 

of AB pairs in the configuration. From the foregoing relations 
we have 

2w 

72 bas EAA— SBs. (2) 

From the Lennard-Jones and Devonshire model* the energy of 

a pair of molecules separated by a distance r can be expressed by 


the relation 
*\ 12 *\6 
r= {(£) -2(") fs (3) 
Nr r 


&* being the minimum potential energy of the pair and r*, the 
corresponding distance between them. 
If we now assume with Prigogine’® that for regular solutions 


raa*~?pp*~raB", 
then the energies of the AA, BB, and AB pairs are given by 
&aa= baal (*/1)2—2(r*/)); 
&ap= Epp { (r*/r)®—2(r*/r)} ; (4) 


Sap= Sap*{ (r*/r)®—2(r*/r)}; 
and 


2w/Z=2 6aB— Saa— EBB 
= (284B*— &aa*— Epp*){ (r*/r)®—2(r*/r)%}, (5) 


where r is the distance between the lattice points on the crystal. 

We may note that the distance between the lattice points is 7* 
in a crystal only at very low temperatures, where the thermal 
vibrations of the molecules about their mean positions are very 
small and the distances between their mean positions are governed 
only by the 6-12 power relation. At room temperatures, however, 
due to the thermal expansion of the crystal the distance between 
the lattice points r is much larger than r*. The contribution of the 
12 power term which falls off rapidly at distances greater than 
r* can therefore be neglected in the first instance. We thus get at 
the room temperature 


w= —2Z(28an*— Saa*— Spp*)r exp(*)®-r*=Kr-*. (6) 


In order to calculate the temperature dependance of w we can 
express it in the form 


w= Kro*{ 1+ 4at}-*=wo(1+4at)~, (7) 


where ro is the distance between the lattice points at 0°C, a the 
thermal coefficient of cubical expansion of the mixture, and wo, 
the value of w at 0°C. 

In the first approximation 


dw/dt= = 2awy. (8) 


Scatchard‘ has shown that the partial vapor pressures of 
benzene and carbon tetrachloride, and carbon tetrachloride and 
cyclohexane in binary mixtures can be explained only by assuming 
that w varies with temperature. He® has developed a theory re- 
lating the temperature dependence of w to the volume changes 
occurring on mixing the two components. 

It may be noted that these two mixtures very nearly satisfy the 
conditions for regular solutions. Table I shows the values of 
dw/dt calculated from relation (8) and the corresponding values 
of dw/dt which fit in with Scatchard’s vapor pressure data. Values 
of wo used in these calculations were obtained by extrapolating 
Scatchard’s results. For a, the mean for the pure constituents 
is used. 


w=wo{1—2at} and 
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From Table I it is noticed that dw/dt calculated from relation 
(8) are of the right order of magnitude. In any case it is obvious 
that most of the decrease in the value of w with increase in the 
temperature of the mixture can be attributed to the thermal 
expansion of the crystal lattice. 

Our grateful thanks are due Dr. D. S. Kothari, Professor of 
Physics, University of Delhi, for his interest in this investigation. 

1E. A. Gugganheim, Mixtures (Oxford University Press, London, 1952). 

— and Devonshire, Proc. Roy. Soc. (London) A106, 463 
(1937). 

3]. Prigogine and V. Methot, J. Chem. Phys. 20, 49 (1952). 

4 Scatchard, Wood, and Mochel, J. Am. Chem. Soc. 62, 712 (1940); 61, 


3206 (1939). 
5 Scatchard, Trans. Faraday Soc. 33, 160 (1937). 





Free Electron Treatment of the Orientation of 
Substituents in Aromatic Molecule 


SADHAN Basu 
Indian Association for the Cultivation of Science, Calcutta 32, India 
(Received August 10, 1954) 


N treating the reactivity of organic compounds two methods 
have been applied by several authors: One may be called the 
m-electron density method! and the other the transition state 
method.? MO treatment has been applied to both these methods 
but, as far as the author is aware, the free electron treatment has 
been applied to the first method only.*~> The object of the present 
note is to show that the free electron treatment is applicable 
equally well to the second method. 

Tt is now an accepted fact that any aromatic substitution reac- 
tion proceeds through the formation of an activated complex. 
In an electrophilic substitution, the part of the reagent R which is 
closest to the atomatic nucleus is considered not only to be posi- 
tively charged, but also to have a gap into which a pair of elec- 
trons can be put. The problem is essentially to determine the 
amount of energy which must be supplied in order to provide at 
the point of attack, an unshared pair of electrons. This is equiva- 
lent to the problem of determining the difference in the z-electron 
energy of the activated complex and the parent molecule. Let us 
take the case of o-, m-, and p-substitution in aniline. The structures 
in the activated complex and in parent molecules are shown below, 


‘ 
“My 
4" 


IV V 


> +NH> mt 
A + 
H 
R 
R 


III 


+ 
Nh 


I II 


Now the z-electron energies are calculated as follows: 
For I, the z-electron energy levels are given by 


E= (/?/8mil*) (4q/6@), 
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where g=0, +1, +2, ---, and /=C—C bond distance (=1.41 A). 
Since there are only six electrons, they will occupy three lowest 
levels and the total w-electron energy is given by 


2 (h?/8mil*) (8/36) =0.44 (h?/8ml?). 


For II, the electron moves in a box of length S/ and the energy 
levels are given as 


E= (i? /8ml?) (n2/5*) 


where n=1, 2, 3, ---. There are 6 electrons which will occupy 3 
lowest levels, so the total z-electron energy is 1.12(h?/8ml?). 

For III, the electrons move in two boxes of the length / each, 
and each box contains two electrons. So the z-electron energy for 
this system is 4(/?/8ml?). 

For IV, we use free electron network model, z.e., we divide the 
conjugated system into the segments shown in V and express the 
wave function in each segment in the form a coswx+b sinwx. We 
then apply continuity and conservation condition at the junction 
point and calculate the allowed values of w. 

The energy levels are given by E= (h?/8ml*)w*/x?, if x be ex- 
pressed in unit of / and w in terms of z. Six available electrons will 
occupy three lowest levels for which one has w=0 and two=7/2. 
So the total z-electron energy is 1.00(h?/8ml*). The difference in 
m-electron energy from parent structure is given below 

AE, 
o- 0.68 K 
3.56 K 
p- 0.56 K 


K=/2/8mil?. 


It is evident that the energy differences is least for p-, next is 0-, 
and extremely high for m-substitution. So the compound will 
undergo 0, p-substitution with p-predominating. Similar calcu- 
lation with 2-naphthylanine shows that 1-substitution will pre- 
dominate over 3. This treatment has also been shown to be valid 
for substitution in tropolone.® 

! Wheland and Pauling, J. Am. Chem. Soc. 57, 2086 (1935). 

2 Wheland, J. Am. Chem. Soc. 64, 900 (1942). 

3 Bayliss, J. Chem. Phys. 16, 287 (1948). 

4H. Kuhn, Helv. Chim. Acta. 31, 1441 (1948). 


5 Nakajima, Sci. Rep. Ritu. 5A, 98 (1953). 
6 Basu, J. Chem. Phys. (to be published). 





Erratum: The Surface Migration of Carbon 
on Tungsten 
{J. Chem. Phys. 22, 1406-1413 (1954)] 


RALPH KLEIN 


Explosives and Physical Sciences Division, Bureau of Mines, 
Pittsburgh, Pennsylvania 


N page 1408, second column, eight lines from the bottom, 
the word “decreased” should be changed to “increased.” 





